Thermographic PIV for Turbulent Flux Measurement by Lee, Hyunchang
Thermographic PIV for
Turbulent Flux Measurement
Dem Fachbereich Maschinenbau
an der Technischen Universität Darmstadt
zur
Erlangung des Grades eines Doktor-Ingenieurs (Dr.-Ing.)
genehmigte
D i s s e r t a t i o n
vorgelegt von
Hyunchang Lee, M.Sc.
aus Kwangju, Korea
Berichterstatter: Prof. Dr. rer. nat. habil. A. Dreizler
Mitberichterstatter: Prof. Dr. rer. nat. habil. B. Atakan
Tag der Einreichung: 19.4.2016
Tag der mündlichen Prüfung: 15.6.2016
Darmstadt 2016
D17

Acknowledgement
I look back the stay at RSM at TU Darmstadt during last four years and would like to
mention a few names to appreciate their support.
First of all, I would like to thank Prof. Andreas Dreizler for accepting me in his institute
and spending time for me and this project. He guided me not to be lost in the forest
of my PhD project. I also would like to appreciate Prof. Burak Atakan for being the
coreference of my dissertation and interesting discussion during my disputation.
Many colleagues at the institute helped me to adapt myself to the experimenter in the
laboratory and life in Germany. Among them, I would like to thank Silvan, especially,
who shared the oﬃce with me while discussing about each others project. Not only the
scientiﬁc discussions, but also small talks regarding anything smoothed my work and
life. I also would like to mention Michael who succeeded phosphor gas thermometry and
developes it further and applies to other applications at RSM. I will remember the moment
we spent together in the laboratory and the talk in the way home by bike at late nights
after measurements. I want to thank Mr. Farouk Chourou, a bachelor student involved in
this project. He performed the most of spectra measurement in this study and supported
me till late nights during the measurement in jet-with-coﬂow conﬁguration.
As the last, but the most, I would like to thank my family. First, I thank my son to
be born in this world and grow healthy. My daughter, Naram could not speak a single
word in the beginning of this project, but she encouraged me by showing me how to learn
walking and speaking, whenever I was tired of developing this measurement technique.
She is now grown to be a girl going to kindergarden, as the measurement technique has
been developed. Lastly, I thank my wife, Hana, for being always present in my side
and listening to whatever I told her and react somehow,... whether it is practicing the
'Monday' seminar talk (which should be extremely boring to her) or all little details
happened in the institute. Without my family, indeed, I could not ﬁnish my dissertation.
If I am allowed to receive applause for the work present here, I would turn this to these
two.
Hyunchang Lee Chungju, Korea, den July 16, 2016
III

to Naram
V

Contents
1. Introduction 1
1.1. Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. State of art measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3. Aim and scope of this study . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2. Theoretical background: principle of phosphor gas thermometry 7
2.1. Phosphorescence and its use as thermometry . . . . . . . . . . . . . . . . . 7
2.1.1. Phosphorescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.2. Diﬀerent approaches for using phosphorescence as thermometry . . 12
2.2. Imaging phosphorescence from particles in ﬂow . . . . . . . . . . . . . . . 16
3. Measurement system 21
3.1. Spectra measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.1. Sample preparation and oven . . . . . . . . . . . . . . . . . . . . . 21
3.1.2. Optical system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.3. Data reduction algorithm . . . . . . . . . . . . . . . . . . . . . . . 23
3.2. Temperature and velocity measurement . . . . . . . . . . . . . . . . . . . . 24
3.2.1. High temperature seeded jet with co-ﬂow . . . . . . . . . . . . . . . 25
3.2.2. Optical system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.3. Data reduction algorithm . . . . . . . . . . . . . . . . . . . . . . . 31
4. Investigating prospective phosphors 37
4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2. Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.2.1. Spectra with varying temperature . . . . . . . . . . . . . . . . . . . 40
4.2.2. Spectra with varying laser ﬂuence . . . . . . . . . . . . . . . . . . . 49
4.2.3. Limitation of characterizing phosphor in oven . . . . . . . . . . . . 51
4.3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5. Measurement uncertainties 53
5.1. Precision analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2. Accuracy analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.2.1. Thermal equilibrium . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2.2. Eﬀect of laser ﬂuence . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2.3. Eﬀect of seeding density . . . . . . . . . . . . . . . . . . . . . . . . 63
6. Validation of measurement technique 69
6.1. Background of axisymmetric jet . . . . . . . . . . . . . . . . . . . . . . . . 69
VII
Contents
6.2. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.2.1. Inlet condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.2.2. Mean . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2.3. Root mean square . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.2.4. Two point spatial correlation and integral length scales . . . . . . . 81
6.2.5. Turbulence models . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.2.6. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
7. Conclusion and outlook 93
A. Appendix 99
A.1. Dynamic response of particle to the gas . . . . . . . . . . . . . . . . . . . . 99
Bibliography 100
VIII
List of Tables
2.1. Quantum numbers explaining electronic energy level . . . . . . . . . . . . . 8
2.2. Angular momentum quantum numbers comprising term symbols . . . . . . 8
3.1. Experimental conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2. The number of images at each temperature case used for the calibration
curve measurement. Temperatures were sampled from 100 pixels in each
image. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3. Selected number of shots in turbulent ﬂux measurement. . . . . . . . . . . 32
4.1. Investigated phosphors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2. Overall comparison of intensities. I350: relative signal at 350K to BAM:Eu.
T50: temperature at which the signal becomes half of the signal at 350 K. . 40
4.3. Peak and FWHM variation of BAM and SRMG . . . . . . . . . . . . . . . 44
5.1. Classiﬁcation of the six categories of systematic errors, modiﬁed from [16]. 57
6.1. Overview of previous studies on the eﬀect of initial state on the jet devel-
opment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.2. Streamwise evolution of mean axial velocity and scalar at jet center and
jet half widths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.3. Summary of lateral integral length scales . . . . . . . . . . . . . . . . . . . 85
IX

List of Figures
2.1. conﬁgurational coordinate model reproduced from [50] . . . . . . . . . . . 9
2.2. Broadening of absorption spectra according to diﬀerent ∆R. When ∆R = 0
(left), the most of electronic transitions occur between v = 0 and v′ = 0
states and the absorption spectra is narrow. However, when ∆R > 0
(right), the transition can happen to v′ > 0 from v = 0 state and the
absorption spectra widen. Reproduced from [50] . . . . . . . . . . . . . . . 10
2.3. Illustration of diﬀerent ways of non-radiative emission. The g denotes
ground state, and e denotes excited state. Each ﬁgure explains (left) ther-
mal quenching (middle) multi-phonon emission (right) feeding e state by
e' state. Reused from [11] . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4. Left: Conﬁgurational diagram of La2O2S : Eu
3+, Right: Intensity ratio-
temperature of La2O2S : Eu
3+. Reused from [10]. . . . . . . . . . . . . . . 13
2.5. Left: Schmatic energy level diagram for free ions of Dy3+ and Sm3+.
Reused from [24]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.6. Dieke diagram showing YAG:Pr3+ energy levels for transitions between 4f
states and locations of 4f5d bands. Reused from [44]. . . . . . . . . . . . . 15
2.7. Spectra of BAM:Eu2+ at diﬀerent temperatures. . . . . . . . . . . . . . . . 15
2.8. Schematic of scattering. Reused from [14] . . . . . . . . . . . . . . . . . . . 17
2.9. Schematic of general planar imaging system of phosphor gas thermometry. 18
2.10. Illustration of 1-dimensional image formation procedure. The object (a)
is convoluted with the point spread function (b) and (c) represents the
corresponding image as the result. Reused from [37] . . . . . . . . . . . . . 19
3.1. Experimental setup for spectra measurement. . . . . . . . . . . . . . . . . 22
3.2. Schematic of data reduction algorithm for a spectrum. . . . . . . . . . . . 23
3.3. Measured spectrum of the Xe lamp for the wavelength calibration of the
spectrometer. The notation, A/B, denotes a measured peak wavelength
[nm], A, and a peak wavelength [nm] provided by the manufacturer, B. . . 24
3.4. The transfer function of the detection system. Measured and given spectra
of the integrating sphere are denoted as M and R. The transfer function is
denoted by φ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.5. Nozzle shape. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.6. The schematic of optical system for the simultaneous measurement of ve-
locity and temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
XI
List of Figures
3.7. Predicting the precision of temperature with given ﬁlter sets for ﬁlter op-
timization.(a) notation (blue;cwl-fwhm/red;cwl-fwhm): solid line, ﬁlter set
1(400-40/470-40); dashed line, ﬁlter set 2 (415-30/460-14) used in [29];
dash-dot line, ﬁlter set 3 (400-50/460-14) used in [52]; (b) blue symbols
denote signal of blue channel, red symbols red channel: circle, ﬁlter set 1;
triangle, ﬁlter set 2; diamond, ﬁlter set 3; (c) and (d) have same legend. . . 30
3.8. Calibration curve. The circle denotes ensemble averaged intensity ratio and
bar one standard deviation. . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.9. Flow diagram. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.10. Diagram of temperature calculation considering mask from particle location. 34
4.1. Overall signal comparison of broad emission and codoped phosphors. . . . 40
4.2. Overall signal comparison of line-emission phosphors. . . . . . . . . . . . . 41
4.3. Normalized spectra of BAM at diﬀerent temperatures with selected ﬁlter
set(400-40/470-40). See caption of ﬁgure 3.7 for compared ﬁlter sets. Tem-
perature range 353, 463, 563, 663, 773, 873, 973 K in order. . . . . . . . . 42
4.4. Normalized spectra of SRMG at diﬀerent temperatures with selected ﬁlter
set(415-30, 503-25/460-14). Compared ﬁlter set 1: 400-40/470-40, ﬁlter set
2: 435-20,498-20/460-14; ﬁlter set 3: 400-50/460-14. Temperature ranges
308, 413, 513, 613, 713, 813 K. . . . . . . . . . . . . . . . . . . . . . . . . 43
4.5. Normalized spectra of BAM:Eu,Mn at diﬀerent temperatures with selected
ﬁlter set (460-80/511-20). Compared ﬁlter set 1: 460-80/513-7; ﬁlter set 2:
480-40/513-17; ﬁlter set 3: 480-40/511-20. Temperature ranges 343, 447,
573, 623, 684, 813, 863 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.6. Normalized spectra of LSP:Eu,Tb at diﬀerent temperatures with selected
ﬁler set (460-80/540-10). Compared ﬁlter set 1: 480-40/540-10; ﬁlter set 2:
460-80/511-20; ﬁlter set 3: 480-40/511-20. Temperature ranges 353, 409,
458, 503, 563, 703 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.7. Normalized spectra of YAG:Dy at 578 nm peak at diﬀerent temperatures
with selected ﬁlter set (460-30/585-30). Compared ﬁlter set 1 [35, 52]:
450-10/495-10; ﬁlter set 2 [45]: 460-30/485-30; ﬁlter set 3: 470-40/585-30.
Temperature ranges 343, 453, 553, 653, 753, 903 K. . . . . . . . . . . . . . 45
4.8. Normalized spectra of GdO at 625 nm peak at diﬀerent temperatures.
Temperature ranges 303, 403, 503, 613, 663 K. . . . . . . . . . . . . . . . . 46
4.9. Normalized spectra of YAG:Tb at diﬀerent temperatures. Temperature
ranges 353, 523, 693, 833, 983 K in order. . . . . . . . . . . . . . . . . . . 46
4.10. Normalized spectra of YAG:Pr at diﬀerent temperatures with selected ﬁlter
set (620-60/495-30). No ﬁlter set was compared for this phosphor, but the
ﬁlter set used in [44] was adopted. Temperature ranges 353, 453, 553, 653,
753, 843 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.11. Simulated calibration curves with given ﬁlter sets. . . . . . . . . . . . . . . 48
4.12. Estimated temperature precision according to error propagation. . . . . . . 49
4.13. Normalized spectra of phosphors at varying laser ﬂuence. . . . . . . . . . . 50
4.14. Comparison of measured calibration curve from seeded particle and virtual
calibration curve from spectra. . . . . . . . . . . . . . . . . . . . . . . . . . 51
XII
List of Figures
5.1. The eﬀect of camera error and the image registration on the uncertainty
of temperature measurement. Calc.(eqn 3.1) denotes the calculation based
on the equation 3.1, and Calc.(eqn 5.1) equation 5.1. For calculation the
values K = 0.25, Ncam = 1.5, Nker = 25, T = 530K, r = 0.264 have
been used and a constant 2 % error has been used for Calc.(eqn 5.1).
`Meas. unreg.' denotes measurement data before image registration and
`Meas. reg.' after. Read the text for detailed explanation. The sample was
acquired from 20×20 pixels in jet center at the x=1.5d axial position in 673
shots. The sample was binned with 50 counts and the standard deviation
was calculated for each signal level. . . . . . . . . . . . . . . . . . . . . . . 54
5.2. Temperature precision improvement by a diﬀerent spatial ﬁlter. Circles
denote moving average ﬁlter and the crosses median ﬁlter. The dotted line
is a ﬁtting of equation, c/
√
Nker. c is an arbitrary constant. . . . . . . . . . 55
5.3. Precision of the temperature measurement. The quantity in each bin is
divided by total quantity to produce probability density function. Notation
denotes mean/standard deviation(relative standard deviation)/number of
samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.4. Measured spectra of BAM at room temperature with varying laser ﬂuence.
The spectra were normalized with the 446 nm peak. 50 shots were averaged
for each case. Black solid line denotes 0.3, dash-dot line 7.3, dashed line
59.1, dotted line 119.0 mJ/cm2 case. The blue and the red solid lines are
ﬁtting to the measured spectrum at 0.3 and 119.0mJ/cm2 case respectively.
The ﬁttings were composed of three Gaussian peaks (emissions from BR,
aBR, mO sites). Each Gaussian peak was ﬁgured as a dashed line with the
same color notation. The spectra shift towards UV without broadening
with increasing laser ﬂuence. . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.5. Measured spectra of BAM at 500K with varying laser ﬂuence. See ﬁgure
5.4 for the notation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.6. Simulated intensity ratio trend of BAM with increasing laser ﬂuence. The
intensity ratio was calculated by using measured spectra of packed powder
in oven and ﬁlter set in ﬁgure 4.3. The intensity ratio was normalized to the
value at the lowest laser ﬂuence at each temperature. The sample number
was 50, and the error bars denote one standard deviation. . . . . . . . . . . 62
5.7. The normalized intensity ratio over the laser ﬂuence varying 9  80mJ/cm2
in two diﬀerent temperatures. Symbols denotes ensemble average and the
bars one standard deviations. The data was sampled from in jet core region
spanning 1.7mm × 1.7 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.8. The existence of multiple scattering: an axially averaged 1d proﬁle of signal
in the blue and the red channel. In this single shot, the co-ﬂow seeding
density was 3.96 × 1010/m3 and the jet seeding was turned oﬀ. Around 8
% of co-ﬂow signal exist in the jet region. . . . . . . . . . . . . . . . . . . . 64
XIII
List of Figures
5.9. The trend of intensity ratio according to the ratio of seeding densities in
jet and co-ﬂow. Data are sampled from 2.4mm× 2.4mm region in the jet
core. The jet temperature was 615 K and a co-ﬂow temperature was 310
K. The ﬁtted curve of the equation is also drawn. Seeding densities were
extracted from the particle location algorithm discussed in Section 3.2.3. . 65
5.10. Mean radial temperature proﬁles at x/d=1 obtained using 170 x 170 µm
wide interrogation volumes that contained at least 1, 2, or 3 particles,
denoted by symbols ©: 1, +: 2, : 3. Thermocouple measurements are
denoted by triangles (4). Relative temperature diﬀerences are shown in
comparison to a mean temperature proﬁle where the threshold has been
set to zero. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.11. Excitation and emission spectra of BAM. The excitation spectra were pro-
vided by manufacturer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.12. The trend of normalized intensity ratio against the seeding density in the
co-ﬂow with diﬀerent seeding materials. The jet temperature was 610 K
and the co-ﬂow temperature was 295 K. The averaged ratio from 2.4mm×
2.4mm region in the jet core and the number of particles in the same size in
the co-ﬂow from each single image were sampled. The data were binned in
the size of 7.9e9 and the mean (denoted by symbols) and standard deviation
(denoted by bars) are graphed. The samples are conditioned with Rsd > 2. 67
6.1. The proﬁle of 〈U〉/〈U〉0 and u′/〈U〉0 at x = 0.5d.Here, 〈U〉0 = 36.4m/s at
Re 6400 case, 73.4 at Re 12800 case. See also table 6.2. . . . . . . . . . . . 74
6.2. The proﬁle of 〈Θ〉/〈Θ〉0 and θ′/〈Θ〉0 at x = 0.7d.Here, 〈T 〉0 = 616K,Th =
616K,Tc = 315K at Re 6400 case, 623, 622, 310 at Re 12800 case. See also
table 6.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.3. Decay of axial mean velocity at the jet centerline, 〈U〉0/U0. . . . . . . . . . 75
6.4. Decay of axial mean velocity at the jet centerline, U0/〈U〉0. . . . . . . . . . 76
6.5. Decay of axial mean scalar at the jet centerline, 〈Θ〉0/Θ0. . . . . . . . . . . 76
6.6. Mean proﬁles of axial velocity, 〈U〉/〈U〉0. See table 6.2 for absolute values. 77
6.7. Mean proﬁles of scalar, 〈Θ〉/〈Θ〉0. See table 6.2 for absolute values. . . . . 78
6.8. Jet half width based on 〈U〉 and 〈Θ〉. . . . . . . . . . . . . . . . . . . . . . 78
6.9. Streamwise evolution of rms of normalized scalar at jet center. . . . . . . . 79
6.10. Radial proﬁles of normalized rms of axial velocity, u′/〈U〉0. . . . . . . . . . 80
6.11. Radial proﬁles of normalized rms of radial velocity, v′/〈U〉0. . . . . . . . . 81
6.12. Radial proﬁles of normalized rms of scalar, θ′/〈Θ〉0. The red solid line
denotes normalized scalar ﬂuctuation considering the camera error, σt in
equation 6.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.13. Lateral two-point spatial correlations of axial velocity, Ruu,2. . . . . . . . . 82
6.14. Lateral integral length scales at diﬀerent radial positions, r=0, 0.5, 1, 1.5r 1
2
.
See ﬁgure 6.13 for the notation. . . . . . . . . . . . . . . . . . . . . . . . . 83
6.15. Streamwise evolution of scaled lateral integral length scales,L2/r 1
2
at jet
center (r=0) and mixing layer(r=r 1
2
). Normalized with asymptotic value
from Wygnanski, 0.16 at r=0 and 0.3 at r=r 1
2
. . . . . . . . . . . . . . . . 84
6.16. Integral length scale ratio at jet center (r=0) and mixing layer(r=r 1
2
). . . . 84
XIV
List of Figures
6.17. Radial proﬁles of normalized Reynolds stress. See ﬁgure 6.13 for the notation. 85
6.18. Radial proﬁles of normalized scalar ﬂuxes. See ﬁgure 6.13 for the notation. 86
6.19. Radial gradients of mean axial velocities. . . . . . . . . . . . . . . . . . . . 87
6.20. Normalized turbulent viscosity, νt/〈U〉0r1/2. See ﬁgure 6.13 for the notation. 88
6.21. Radial gradients of mean scalar. . . . . . . . . . . . . . . . . . . . . . . . . 89
6.22. Normalized turbulent diﬀusivity, αt/〈U〉0r1/2. See ﬁgure 6.13 for the notation. 89
6.23. Measured scalar ﬂux vector and the one from the gradient-diﬀusion model.
The blue arrows denote the directly measured scalar ﬂux and the red one
denote the one from the gradient-diﬀusion model. . . . . . . . . . . . . . . 90
6.24. Turbulent prandtl number. See ﬁgure 6.13 for the notation. . . . . . . . . . 91
7.1. Instant phosphorescence image of blue and red channel demonstrated in
false color. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
7.2. The trend of intensity ratio according to seeding ratio of jet and crossﬂow. 96
7.3. Instant and mean temperature. The white solid line the right of ﬁgure
denotes the least squre ﬁt of [46] . . . . . . . . . . . . . . . . . . . . . . . . 97
XV

Nomenclature
Uppercase Latin letters
E Energy
FL Laser ﬂuence
IA Signal in blue channel
IB Signal in red channel
K Camera conversion factor counts/electron
L2 Lateral integral length scale
Ncam Camera readout error
Nker Kernel size of spatial ﬁlter
R jet radius, d/2
Rsd Seeding density ratio of jet and co-ﬂow
Ruu,2 Lateral two point spatial correlation of axial velocity
T Temperature
U Axial velocity
V Radial velocity
Lowercase Latin letters
d jet diameter, 16 mm
f# f number
f focal length
m magniﬁcation
r 1
2
,θ Jet half width based on mean scalar
r 1
2
Jet half width based on mean axial velocity
t time
u axial velocity perturbation, u = U − 〈U〉
v radial velocity perturbation, v = V − 〈V 〉
Uppercase Greek letters
Γ Spectra of a phosphor
Σ Intensity of phosphorescence in blue or red channel
Θ Normalized temperature, passive scalar in this study
Lowercase Greek letters
α Absorption coeﬃcient
α Heat diﬀusivity
αt Turbulent heat diﬀusity
ηq quantum eﬃciency of a phosphor
λ Wavelength
XVII
Nomenklatur
ν Kinematic viscosity
νt Turbulent viscosity
νfreq Frequency
σA Absorption cross-section
σ Standard deviation
τ luminescence lifetime
τD Dynamic relaxation time
τTThermal relaxation time T
θ Scalar perturbation, θ = Θ− 〈Θ〉
ξ Transmittance of a ﬁlter
Operator
()′ 〈()2〉1/2, standard deviation or root mean square
〈()〉 Ensemble average
Dimensionsless numbers
Bi Biot number
Prt Turbulent Prandtl number
Re Reynolds number
Abbreviations
DNS Direct Numerical Simulation
FWHM Full Width at Half Maximum
HCCI Homogeneous Charge Compression Ignition
HWA How Wire Anemometry
IF Interference Filter
LDV Laser Doppler Velocimetry
LED Light Emitting Diode
LIF Laser Induced Fluorescence
PIV Particle Image Velocimetry
rms Root mean square
SLIPI Structured Laser Illumination Planar Imaging
TGP Thermographic Phosphor
UV Ultraviolet
Y AG Yttrium Aluminium Garnet
XVIII
Chapter 1.
Introduction
1.1. Motivation
Turbulent ﬂows The ﬂows encountered in most of the engineering systems, which
facilitate our society, are turbulent, and the role of turbulence in the system is undoubtedly
important. The thrust of a propeller of a ship or helicopter is dramatically improved
by turbulence. Heat transfer including a ﬂow, e.g., cooling or heating a system, would
be ineﬃcient without turbulence. Enhanced mixing by turbulence makes combustion
systems, such as internal combustion engine, gas turbine combustor, or aircraft engine
possible to be compactly designed. The level of mixedness, which is a very important
factor in chemical yielding, is mainly controlled by turbulence. Therefore, understanding
the turbulent ﬂows and predicting their eﬀects has been a very important subject for the
last century.
Turbulent ﬂows, however, are unpredictable: although the motion of the ﬂow is gov-
erned by the Navier-Stokes equations, all details in a time and a position can not be
determined exactly. For example, when one measures the velocity of a ﬂow in a point, the
measurement in a certain time duration does not assure to predict a velocity after a short
instance. In the ﬂow, inevitable small perturbations always exist e.g., an inhomogeneous
smoothness of the surface in the boundary condition. The turbulent ﬂow is very sensitive
to these small perturbations because the nonlinear term in the Navier-Stokes equations
can enormously amplify the small perturbations at high Re. This amplifying power of
the Navier-Stokes equations is believed to cause turbulent ﬂows to be unpredictable [7].
Although the instantaneous variables of the turbulent ﬂow can not be determined, their
statistical properties such as mean, variance, probability density function, or correlation
between the variables, are predictable. Therefore, the instantaneous variables are decom-
posed to the mean and the ﬂuctuation and substituted by them in the governing equations.
The resulting mean momentum and scalar conservation equations include the Reynolds
stress and the scalar ﬂux, respectively. The terms represent the transport of momen-
tum and scalar by turbulence. In the set of given equations, the number of unknowns is
larger than the number of equations, thus, the Reynolds stress and the scalar ﬂux should
be closed by a suitable model. Various approaches have been attempted to model the
terms. Closing the terms of the turbulent transport with a model means predicting the
turbulent ﬂows statistically, and the accuracy of the model determines the accuracy of
the prediction. The model plays a central role in predicting the turbulent ﬂow.
Another characteristic of the turbulent ﬂow is diﬀusivity. One can use a knife to take
and spread honey on a bread easily, but not water for their diﬀerent viscosities; the
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large viscosity of honey makes it fall down slowly from the knife. The diﬀusivity of
turbulence, however, is not a property of the ﬂuid, but the ﬂow. When a ﬂow transits
from laminar to turbulence at certain Re (this Re of transition diﬀers one ﬂow to another.
For example, 2300 for the pipe), various scales exist in turbulence. Large eddies are
responsible for engulﬁng surrounding ﬂuid in the turbulent ﬂow, the large structures
break into intermediate sizes and the eddies in these sizes increase the interfacial surface.
In the end, the eddies in even smaller size are dissipated by molecular diﬀusion [22].
This process of breakdown is so vigorous that the turbulent ﬂow can diﬀuse momentum
or scalar far more rapid than molecular diﬀusion alone can do. The enhanced diﬀusion
of momentum and scalar appears as Reynolds stress and scalar ﬂux, and the enhanced
transport should be included adequately in the terms.
Measurement of scalar ﬂux A reliable experiment is highly demanded for modelling
the term appropriately, and especially for modelling the scalar ﬂux, a simultaneous mea-
surement of the velocity and the scalar is needed. For this purpose, a volume of experi-
ments have been performed in simple conﬁgurations e.g., pipe, jet, homogeneous mixing
layers. Relying on the experimental observations, the underlying physics of the turbulent
transport has been conjectured for a model to be established. Furthermore, to evaluate the
model when applied in more complex and practical cases, experimentally well-measured
data in the condition are again needed to be compared with the model. Therefore, a
reliable technique for measuring the velocity and the scalar simultaneously in a speciﬁc
system is highly needed.
From the last few decades, laser diagnostics started to be applied to scalar ﬂux measure-
ments in turbulent ﬂows. In contrast with measurement techniques using a probe, such
as thermocouples, hot and cold wires, laser diagnostics is not invasive or semi-invasive
that the phenomena are believed not to be aﬀected or less aﬀected by the measurement
technique itself. Additionally, laser diagnostics has high spatial and temporal resolutions,
thus, are expected to make the details of the turbulent ﬂows to be observed. The PIV
and LDV using seeded particles have been widely applied for measuring velocity ﬁelds.
The LIF using naturally occurred or intentionally seeded tracers were used together with
PIV or LDV for scalar ﬂux measurements. The examples of some studies having used
diﬀerent laser diagnostics to measure scalar ﬂux will be introduced soon.
The phosphor thermometry, one of the laser diagnostics, uses the dependence of phos-
phorescence on temperature following UV excitation, such as lifetime, or change of the
spectrum. The technique has been successfully applied to the surface temperature mea-
surement for the last half century and extended its application ﬁrst to the droplet and
the spray measurements. Shortly after that, an idea of using the same tracer particles for
measuring velocity and temperature, which is also called thermographic PIV, has been
proposed and developed for about last ten years[2, 29, 65]. The PIV is a well-established
and robust technique to measure velocity ﬁelds, which needs tracer particles. By using
micrometer-sized phosphor particles as PIV tracers, the same particle can serve for ve-
locimetry and thermometry at the same time. This can make the experimental setup
simpler compared to LIF, which needs additional seeding appliances used with PIV. As
PIV assumes the same velocity between the ﬂow and particles, the similar assumption
could be applied to the temperature. In addition, the phosphor materials are generally
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made of ceramic and expected to stand the ﬂame temperature. The application of the
technique to two-dimensional gas temperature measurements, preferably also in combus-
tion environment, was tempting.
1.2. State of art measurements
Laser diagnostics Sakakibara et al. [77] investigated the role of the counter-rotating
vortex in heat transfer enhancement of an impinging plane water jet to a heated wall.
The velocity and temperature were measured by PIV and LIF with a dye, Rhodamin B.
The measured scalar ﬂux (here, turbulent heat ﬂux) amounted to about 20 % of the total
heat transfer from the wall. Additionally, through weighted PDF of the scalar ﬂux, they
showed that the heat transfer by hot water from the wall to the ﬂuid contributed more
than by cold water from the ﬂuid to the wall. To show the relation between the counter-
rotating vortex and the scalar ﬂux, they investigated closely the correlation between them
and concluded that the turbulent heat transport generated by counter-rotating vortex
account for around 40% of total turbulent heat transport.
Most et al. [61] demonstrated the feasibility of simultaneous ﬁltered Rayleigh scattering
thermometry and PIV in premixed ﬂame. The signal of Rayleigh scattering depends on
number density of scattering molecules and the Rayleigh scattering cross section of gas
mixture. Therefore, if the local species concentration is known or could be assumed some-
how, the temperature is deduced from the measured number density based on the ideal
gas law. The seeded particles for PIV, however, emit strong Mie-scattering and prevent
the measurement of Rayleigh scattering. In the ﬁltered Rayleigh scattering, the strong
Mie-scattering is blocked by a narrow atomic or a molecular ﬁlter, while the broadened
Rayleigh scattering can be measured. In [61], they studied the interaction of turbulence
and ﬂame by comparing the results from wire stabilized ﬂame and bluﬀ body stabilized
ﬂame. The measured scalar ﬂux showed gradient or counter gradient diﬀusion according
to its conﬁguration.
Nauert & Dreizler [63] applied the simultaneous OH-LIF and LDV in a swirl ﬂame
to understand the interaction of turbulence and ﬂame. In modelling the scalar ﬂux in
the ﬂame, gradient diﬀusion occurs when the eﬀect of turbulence prevails while counter-
gradient diﬀusion occurs when the eﬀect of ﬂame dominates. They used OH-LIF image
to distinguish the burned and unburned regions and could obtain the conditioned veloci-
ties from the velocities measured by LDV. In addition, the mean progress variable could
be acquired by averaging the OH-LIF image. By using conditioned velocities and mean
progress variables as the last step, the scalar ﬂuxes in diﬀerent axial positions were at-
tained and gradient and counter-gradient diﬀusion were examined. In some downstream
position, counter-gradient diﬀusion occurred only in the axial ﬂux and the other were
gradient diﬀusion.
Thermographic phosphor The ﬁrst application, to the author's knowledge, is a study
on the structure of a ﬂame kernel in ignition of HCCI engine by Hasegawa et al. [35, 36].
They measured instantaneous two-dimensional temperature ﬁelds by using 1.8 µm sized
YAG:Dy particles with the two-color ratio method to temperatures upto 1100 K. The
size of the ﬂame kernel based on the instantaneous temperature ﬁelds could be measured.
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However, subsequent studies [44, 52] reported weak signal intensity, and in [52], even with
greater particle size (10.2 µm), meaningful single shot measurement was not able to be
obtained in a temperature range of 850 K. Considering experimental diﬃculties in a
conﬁned environment such as background from deposited particles at wall, the successful
result of [35, 36] leaves some questions. After that, Omrane et al. [65] performed a
feasibility study by using MFG:Mn particles as a tracer. The intensity of the phosphor
was unfortunately not strong enough, and only the averaged temperature ﬁeld around
750 K was obtained. Rothamer & Jordan [75] obtained single-shot temperature ﬁelds
with upconversion phosphor YAG:Yb,Er to 480 K, however, the particle size was around
8 µm, which is rather large to assume reasonable traceability of the particles to the
gas phase. Fond et al. [29] demonstrated the velocity and temperature, simultaneously
and instantaneously by using 2 µm sized BAM particles with a detailed explanation of
the thermometry setup. In the following year, a couple of successful studies have been
reported. Jordan & Rothamer used the YAG:Pr and measured temperature to 750 K
with comparable performance with BAM. Lawrence et al. [52] studied the spectra of
YAG:Dy and BAM particles and demonstrated the instantaneous temperature ﬁeld to
850 K with BAM. Van Lipzig et al. [88] applied the BAM particles to the temperature
measurement in the high-pressure cell. They seeded the particles with the fuel while
pressurizing the cell (gas density 10,15 and 20 [kg/m3]) and measured the temperature
ﬁeld after the combustion. They could measure temperature ﬁelds only to about 650 K
because the signal at high temperature was too weak to be measured. Abram et al. [2]
demonstrated 3 kHz measurement of velocity and temperature with BAM in the wake
of heated cylinder. They took an advantage of the high quantum eﬃciency of BAM and
could obtain enough signal to measure the temperature with low pulse energy (1.3 mJ) of a
high-speed laser. Jovicic et al. [45] compared the YAG:Dy and the YAG:DyEr applied to
the gas temperature measurement. Although they showed improved measurement with
`tuned' phosphor YAG:DyEr, the overall performance appeared worse compared with
other studies.
At the same time when the general concept was being realized, speciﬁc issues in the
phosphor thermometry has been investigated. First the eﬀect of laser ﬂuence has been
dealt with. In the feasibility test by using MFG:Mn [65], relatively weak signal from dilute
particle number density compared to the surface application was acknowledged, which re-
sult in the failure in acquiring a single-shot temperature ﬁeld. Increasing the laser ﬂuence
was a possible solution without considerable eﬀort. Accordingly, to investigate a potential
laser heating eﬀect with increased excitation, Linden et al. [54] adjusted the laser ﬂuence
from 0.08 to 1.5 J/cm2 and compared the spectra of the phosphorescence from aerosolized
BAM particles in the room temperature. They concluded an independence of BAM spec-
tra on the laser ﬂuence. The independence were conﬁrmed by [29, 52] later, but this issue
in BAM were revisited by the same author in [29], and the dependence of intensity ratio
on the laser ﬂuence in room temperature was demonstrated [28]. The similar trend in
ZnO has been found by [1] and they proposed to use a ﬂat ﬁeld image, which was averaged
intensity ratio image at room temperature, to compensate this eﬀect. In addition to the
relation between the laser ﬂuence and the intensity ratio, as a slight diﬀerent point of view,
the relation between the laser ﬂuence and the intensity, or the luminescence saturation1
1nonlinearity of the emission intensity with increasing excitation
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of BAM, was studied in [28]. Their aim was to extend the luminescence saturation range
by understanding the phenomenon. Among three possible mechanisms of luminescence
saturation, they presumed the depletion of Eu ion in the ground state as the reason of
the luminescence saturation. They attempted to increase the emission intensity by ap-
plying diﬀerent excitation wavelength(266, 355nm), and bandwidths (1, 200 cm−1), but
unfortunately obtained little increase.
The eﬀect of seeding density on the measurement technique has been also addressed.
Van Lipzig et al. [88] pointed out the multiple scattering eﬀect in dense seeding density;
they observed phosphorescence signal in the outside of excitation and attributed this to
scattering of the excitation. They warned that the dense seeding causes thickening of the
laser sheet and also worsening of the spatial resolution. Fond et al. [27, 28] investigated
the eﬀect of seeding density on the intensity ratio. They observed slightly decreasing
intensity ratio with increasing seeding density. The preferential absorption of BAM was
proposed, but for the uncertainty in the camera linearity, they could not conclude the
exact reason for this.
In the same studies [27, 28], the eﬀect of surrounding gas on the intensity ratio were
examined, and the relation between the intensity ratio and temperature was similar in
the nitrogen and the air ambient. The survivability of phosphor particles in a ﬂame,
which was one of the issues in applying the technique to the combustion environment,
was investigated by Yu et al. [96]. They seeded the YAG:Dy (melting point 2213 ±7
K) particles to a lean methane-air premixed ﬂame (calculated adiabatic temperature,
2000 K) and collected the particles after the ﬂame by an impactor. By measuring the
spectra of collected particles in an oven to 1300 K and calculating the intensity ratio,
they argued that the characteristic of the phosphorescence of YAG:Dy was not changed
after experiencing the ﬂame. The survivability of BAM has been indirectly demonstrated
in [88] by measuring the temperature after the combustion.
Not only the simple ﬂows, but the measurement technique has been also applied to
more technically relevant system such as an engine [64, 85]. However, those results are
still close to the feasibility studies. The lifetime method has been also applied to the gas
temperature measurement by Someya et al. [8183] to simplify the experimental setup.
However, the precision and the accuracy were worse than the intensity ratio method.
While the intensity ratio method typically needs a beam splitter and two detectors, the
lifetime method needs one high-speed camera.
1.3. Aim and scope of this study
The aim of this study is to develop the thermographic PIV further and validate the
technique by performing measurements in a canonical conﬁguration. For this purpose,
the subsequent chapters will be comprised as following.
Chapter 2 deals with the fundamental theory of phosphorescence and its dependence
on temperature. The basic theory of imaging particles will be additionally explained. In
Chapter 3, the experimental setups, which were required to measure spectra of various
phosphors and the scalar ﬂux, will be introduced. The procedure of measuring spectra in
the oven and its data reduction are explained, and the same for scalar ﬂux measurement is
presented. In addition, the ﬁlter optimization process for thermometry will be explained
5
Chapter 1. Introduction
together.
Investigation of various phosphors are summarized in Chapter 4. The phosphor ther-
mometry needs new phosphors in various temperature ranges of potential applications,
such as natural convection, forced convection, and combustion. Especially, weak phos-
phorescence in high temperature for thermal quenching hinders the application of the
technique to ﬂames, which were the original aim of the phosphor gas thermometry. Only
a few phosphors have been applied to the gas thermometry (Y2O3S:Er,Yb [75], BAM
[2, 2729, 52, 78, 85, 88], YAG:Pr [44, 64], YAG:Dy [35, 36, 45, 52, 96], YAG:Dy,Er [45],
Y2O3:Eu [95] and ZnO[1]), and as explained, the maximum temperature measurement
with a meaningful precision at the moment is limited to 850 K in the free jet measure-
ment by BAM [52]. It is evident that more phosphor candidates from the vast inventory
should be evaluated and characterized according to the criteria for the gas thermometry.
To ﬁnd promising phosphors in various temperature ranges, a methodology of investigat-
ing and evaluating phosphors by using spectra in an oven was developed in this study.
Eight phosphors from the list of the thermographic phosphors and the lamp phosphors
were tested according to the methodology and the results will be presented in Chapter 4.
Based on the previous investigations on potential errors, sources of uncertainty will be
analysed systematically in Chapter 5. Although the eﬀects, such as, multiple scattering
and preferential absorption, have been mentioned as potential errors or factors deteri-
orating the measurement technique, their eﬀects are still ambiguous. Furthermore, the
eﬀect of seeding density will be more severe in a large volume of particles, which one will
deﬁnitely confront in technically more relevant systems, such as automobile engines, gas
turbine combustors. Therefore, the issue of laser heating eﬀect, multiple scattering eﬀect,
and preferential absorption will be investigated and the results will be presented.
In Chapter 6 the scalar ﬂux measurement by using thermographic PIV will be pre-
sented. Although the previous reports on the temperature measurement by phosphor
particles showed comparable precision and accuracy to other planar thermometry, e.g.,
LIF, the scalar ﬂux measurement has not been reported yet. Therefore, the scalar ﬂux
measurement will be demonstrated in the near- and transition ﬁeld of heated round jet,
where one can take advantage of the large temperature gradient. Comparison with the
widely accepted previous results will be followed for the validation of the measurement
technique.
The dissertation will be closed with conclusion and outlook in Chapter 7. The most
important conclusions of this study will be summarized, and required future work will be
proposed. Additionally, preliminary results of a jet in crossﬂow conﬁguration, attempted
in this study, but not ﬁnished, will also be brieﬂy presented.
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Theoretical background: principle of
phosphor gas thermometry
In this chapter, theories on which this study stands will be introduced. A general phos-
phorescence procedure, which includes absorption, radiative and non-radiative emission,
will be described after providing some concepts required to understand the procedure.
After that, the major two characteristics of phosphorescence depending on temperature,
which are change of lifetime and spectrum, will be presented. Especially, the changing
spectrum will be dealt in more detail with examples because the phosphor gas thermom-
etry used this characteristic. In the end, the way on how the phosphorescence from a
particle is imaged will be depicted.
2.1. Phosphorescence and its use as thermometry
Thermomgraphic phosphor The term, phosphor originates in the Greek word, phos-
phorous which means `light bearer'. It was used for the ﬁrst time in 1602 by Vincenzo
Cascariolo to describe the material emitting purple-blue light at night that is also known
as `Bolognian Stone' [19]. Similar materials synthesized in Europe after this discovery of
light-emitting stone have been called phosphor [94]. Phosphors are synthesized by adding
a small amount (doping) of a transition metal or a rare earth intentionally to a ceramic
host. These materials have been extensively applied in the display and lamp industries
during the last century. The degradation of the luminescence in high temperatures caused
the characterisation of the thermal behaviour of this material to optimize its industrial
use. On the other hand, exploiting this behaviour as thermometry has been followed
[4]. Phosphor thermometry has been applied to the surface temperature measurement
and expanded its application enormously during the last decades. Phosphor surface ther-
mometry is reported to measure the temperature range from slightly above absolute zero
to 1970 K [16]. Recently, the technique has expanded its application to gas temperature
measurement.
2.1.1. Phosphorescence
Basic concepts to understand phosphorescence Concepts of the energy level of
the free activator ion and interaction between activator and the lattice are the basis
to understanding the phosphorescence procedure. A concept of energy level based on
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quantum mechanics is given here, and the interaction between the activator and the
lattice will be explained with the help of conﬁgurational coordinate model.
Speciﬁcation of orbitals and term symbols The wave-like behaviour of an elec-
tron in an atom could be expressed mathematically as orbital. Each orbital is speciﬁed
with the following quantum numbers in table 2.1 and the readers are referred to [6] for a
detailed description.
Table 2.1.: Quantum numbers explaining electronic energy level
Notation Name Expression Meaning
n principal 1, 2, 3, . . .
or K,L,M,N, . . .
Occupying electron shell
a diﬀerent energy level
l angular
momentum
0, 1, 2, 3, . . . , (n− 1)
or s, p, d, f, g, h, . . .
the occupying subshell
ml magnetic -l, -(l-1),. . . ,(l-1),l the particular orbitals in
a subshell(direction of orbital)
ms spin
projection
1/2 or -1/2 the spin of the electron
The electrons occupy the orbitals speciﬁed by aforementioned quantum numbers in
the order of increasing energy level dictated by the construction principle. The state
of the occupied orbitals in certain atoms or ions is called conﬁguration. In a particular
conﬁguration, when there is more than one electron, the interactions between electrons
rise and split the energy level. The term symbols, 2S+1LJ can describe the energy level
of an atom in given conﬁgurations succinctly. All the electronic transitions could be
expressed as a transition between states represented by term symbols. An explanation on
angular momentum quantum numbers comprising term symbols is found in table 2.2.
Table 2.2.: Angular momentum quantum numbers comprising term symbols
Notation Name Expression Meaning
L total orbital 0, 1, 2, 3, . . .or
S, P,D, F, . . .
L = l1 + l2, l1 + l2 −
1, . . . , |l1 − l2|
coupling the angular momenta of
orbitals that the electrons occupy
S total spin S = s1 +s2, s1 +s2−
1, . . . , |s1 − s2|
coupling individual spin number of electrons
J total L+ S interaction between the electron and
the orbital
Conﬁgurational coordinate model The interaction between the activator and the
lattice is represented with a conﬁgurational coordinate model [11].
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Figure 2.1.: conﬁgurational coordinate model reproduced from [50]
The conﬁgurational coordinate model expresses the potential energy of the ion as a
function of the distance between activator and the ligand of the lattice. This model is
based on the so-called symmetric stretching (breathing), which assumes that surrounding
ligands vibrate around the activator in phase. After considering harmonic vibration, the
energy could be expressed in the second order polynomial of the displacement as below.
E = 1
2
k(R − R0)2 where k is the force constant and R is the distance between ion and
ligand. the Schrödinger equation for the above equation represents quantized vibrational
states. Ev = (v +
1
2
)hνfreq where v=0,1,2, . . . and νfreq is the frequency of the oscillator.
These energy levels appear as parallel lines in ﬁgure 2.1. The wave equations for individual
vibrational states are also known. It is important to bear in mind that when v = 0, the
electrons are likely to be found in equilibrium distance R0, whereas v > 0, in the edge of
the parabola as also shown in ﬁgure 2.1. Similarly with ground state, the excited state is
represented as a parabola with force constant k′ and equilibrium distance, R′0. When the
electronic transition occurs among shielded orbitals by ﬁlled outer shell (e.g., 4fn in the
rare earth), the electronic transition is not coupled with vibration of centre and ∆R has
small value. In contrast, when the transition happens in the outer shell (e.g., 4fn → 5d
in the rare earth), it is more strongly coupled with lattice vibration and has a large value
of ∆R.
Phosphorescence process Phosphorescence is a kind of luminescence that is described
as emitting radiation after absorbing energy. Luminescence includes both ﬂuorescence and
phosphorescence. Usually in inorganic materials, emission during excitation is called ﬂu-
orescence, and persisting light after cessation of excitation is called phosphorescence [94].
While ﬂuorescence arises from allowed transition, phosphorescence arises from forbidden
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transition. Two selection-rules that allow and prohibit a transition exist; spin-selection
and parity-selection rule. The latter prohibits the transition between the same subshells,
e.g., (4f → 4f) in trivalent rare earth ions. The former prohibits the transitions between
diﬀerent multiplicities, e.g. (triplet → singlet) states. When the spins of all electrons are
paired, the state is singlet and parallel, triplet. The rate of forbidden transition is rela-
tively slow. For example, the emission in BAM:Eu is spin forbidden, but parity allowed
and the lifetime at room temperature is order of µs. As contrast, the emission in YAG:Dy
is both spin and parity forbidden, thus the lifetime is order of ms.
Absorption In the ground state, electrons are likely to be found in the equilibrium
distance, R0(point A in ﬁgure 2.1). After absorbing external energy, the electrons are
promoted to the excited state. Here the transition is believed to arise vertically(A→ B)
according to the Franck-Condon principle. It states classically that the nuclei is much
heavier than the electron so that it is not able to respond to the electronic transition.
Therefore, electronic transitions (absorption and emission) proceed in constant displace-
ment. Meanwhile, quantum mechanically, it means the greater the transition intensity
between two electronic-vibrational states, the more signiﬁcant the overlap of the wave
function of each state.
Figure 2.2.: Broadening of absorption spectra according to diﬀerent ∆R. When ∆R = 0 (left), the most
of electronic transitions occur between v = 0 and v′ = 0 states and the absorption spectra is narrow.
However, when ∆R > 0 (right), the transition can happen to v′ > 0 from v = 0 state and the absorption
spectra widen. Reproduced from [50]
.
The larger ∆R, the broader absorption spectra become. When ∆R is small, most of the
transition occur between v = 0 and v′ = 0 states, as shown on the left of ﬁgure 2.2. On the
contrary, when ∆R is large, the transitions to other v′ > 0 states are possible and bring
the broadening of spectra. Not only large ∆R but also high temperature produce the
broadening of spectra by pumping electrons to v > 0 and v′ > 0 states. These broadening
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mechanisms apply in the same way to the emission.
Emission After absorption, the electrons cascade to v′ = 0 state (B → C in ﬁgure
2.1) releasing the energy to the surroundings without radiative emission because the
vibrational rate is much faster than the emission rate [11]. This process is called relaxation.
Subsequently, the electrons move from the excited state to the ground state according
to the Franck-Condon principle and emit photons corresponding to energy diﬀerences
between two states(C → D in ﬁgure 2.1). This procedure is emission. Again the relaxation
from v > 0 state to v = 0 state(D → A in ﬁgure 2.1) takes place and the energy diﬀerence
is absorbed by the surrounding lattice. Therefore, absorbed energy is greater than emitted
energy, and this diﬀerence is called Stokes shift.
Figure 2.3.: Illustration of diﬀerent ways of non-radiative emission. The g denotes ground state, and
e denotes excited state. Each ﬁgure explains (left) thermal quenching (middle) multi-phonon emission
(right) feeding e state by e' state. Reused from [11]
Non-radiative emission The emission is not inevitable in the return from the ex-
cited state to the ground state. Three diﬀerent ways of non-radiative emissions are illus-
trated in ﬁgure 2.3 as examples.
First, the left of ﬁgure 2.3 represents the thermal quenching of luminescence. The
ground and excited states can intersect, when ∆R is large. If the wave function of v′ = 0
state and nearby v >> 1 state overlap each other substantially, the transition can take
place without radiative emission. Remember that when v = 0 or v′ = 0, the electrons
are likely to be in the centre, whereas when v > 0 or v′ > 0, they are likely to be on the
edge of the parabola. Therefore, the larger ∆R, the more overlap between ground and
excited state and the thermal quenching is more likely to happen. At higher temperatures,
the electrons are more likely to be relaxed in the higher vibrational state (v′ > 0) and
have more chance to overlap with the higher vibrational state (v >> 1) of ground state
and non-radiative emission rate increases in higher temperatures. All optically absorbed
energy is transformed in heat by the lattice.
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Second, when ∆R is small, there is less chance for thermal quenching to occur as seen
in the middle of ﬁgure 2.3. Here, when ∆E is the same with or less than 4 or 5 times
the highest vibrational frequency of surroundings, the transition can happen without
radiation. This procedure is called multi-phonon emission. Both thermal quenching and
multi-phonon emission are highly temperature sensitive.
Lastly, there are two excited states, e and e′, where forbidden and allowed transition
from ground state g occur respectively. Here, the transition to allowed e′ state feeds the
forbidden e state non-radiatively, and the emission occurs from the e state. This process
is represented in the right of ﬁgure 2.3.
2.1.2. Diﬀerent approaches for using phosphorescence as
thermometry
Phosphorescence is temperature-dependent in several ways, as explained in a couple of
review papers [3, 4, 16]. Only the lifetime method and the intensity ratio method among
them will be introduced, since these two methods have been exploited most frequently.
After that, the reason for which the intensity ratio method is preferred to the lifetime
method in gas temperature measurement will be given.
Luminescence lifetime method The decay of luminescence intensity I(t) may be
assumed to be the mono-exponential function of elapsed time after cessation of excitation
t = 0.
I(t) = I0 exp(−t/τ)
Where I0 is the luminescence intensity when t = 0 and τ is the lifetime when the lu-
minescence intensity reduces to I0/e. After denoting number of excited activators in a
volume by n∗, the rate equation for n∗ is,
dn∗
dt
= (Wr +Wnr)n
∗
Here Wr is the radiative emission rate, and Wnr is non-radiative emission one. The
solution of the equation above is
n∗(t) = n∗0 exp[−(Wr +Wnr)t]
Because luminescence intensity is proportional to n∗,
τ = 1/(Wr +Wnr)
Here the non-radiative emission rate Wnr depends on the temperature, and so does the
lifetime τ .
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Luminescence intensity ratio method According to [34], phosphorescence spectra
can be aﬀected by temperature in several mechanisms. First, with increasing temperature,
the crystal ﬁeld ﬂuctuates more from enhanced lattice vibration and brings widening of
spectra. Second, the distance between activators and lattice ligands may elongate in ther-
mal expansion. This expansion causes the crystal ﬁeld to be weakened and the emission
frequency to be shifted. Third, the non-radiative relaxation rate increases with increasing
temperature and quenches the upper state ﬁrst. Fourth, however, populating the upper
state at high temperature is also possible, since the upper states are more populated in
high temperature according to the Boltzmann distribution. These mechanisms will be ex-
plained with selected examples from phosphors used for surface temperature measurement
with intensity ratio method (e.g. phosphors summarized in Table 5 of [16]).
Line-emission phosphors To explain the variation of spectra in line-emission phos-
phors, two conﬂicting mechanisms, identiﬁed as third and fourth in previous section,
should be introduced in the context of distance between the energy levels. Let there be
closely distributed energy levels over the large energy gap that is likely to be overcome
only by radiative emission. In the case of a relatively large energy gap ( ∼ 4000 cm−1),
thermal pumping is diﬃcult to happen, but the multi-phonon emission and cross over
relaxation are not. Therefore, emissions from the higher energy state are quenched ﬁrst.
In the case of a small energy gap (∼ 1000 cm−1), by contrast, the upper state could be
more populated at higher temperatures by thermal pumping.
Figure 2.4.: Left: Conﬁgurational diagram of La2O2S : Eu
3+, Right: Intensity ratio-temperature of
La2O2S : Eu
3+. Reused from [10].
A useful example of the ﬁrst mechanism is La2O2S : Eu
3+. According to [10], the
gaps of energy levels 5DJ in La2O2S : Eu
3+ are quite large to be populated with thermal
pumping. As a result, non-radiative emission prevails, and emissions from upper states are
quenched ﬁrst with increasing temperature. Therefore, the intensity ratio of shorter wave
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length to longer one decreases with temperature as shown in ﬁgure 2.4. The thermal
quenching in La2O2S : Eu
3+ stems from two-step charge transfer state (CTS) energy
transfer process, whereas the multi-phonon emission is common in other phosphors [10].
As examples to explain the other mechanism, there are Dy3+ and Sm3+ [34][24].
Figure 2.5.: Left: Schmatic energy level diagram for free ions of Dy3+ and Sm3+. Reused from [24].
In free Dy3+ ion, 4I15/2 state and
4F9/2 state are closely distributed in the energy gap of
1000 cm−1, whereas the next lower energy level 6F1/2 stands 7400 cm−1 apart. Here, the
emission from both 4I15/2 and
4F9/2 states happens. At room temperature, because of non-
radiative multi-phonon emission, the lower 4F9/2 state is more populated than the upper
4I15/2 state. With increasing temperature, in contrast,
4I15/2 state is more populated by
thermal pumping. Similarly, in Sm3+, 4F3/2 state and
4G5/2 state are neighbouring in
1000 cm−1 and the next 6F11/2 energy level exists 7500 cm−1 apart. The same mechanism
happens in Sm3+. Another example in this category is Mn4+ [48].
The last example is Pr3+, in which one of conﬂicting mechanisms overwhelms the other
in diﬀerent temperature ranges.
In Pr3+, the state 1D2 stays 4000 cm
−1 under the 3PJ states. The next level 1G4 state
locates 7000 cm−1 below it. Up to 1100 K, the non-radiative multi-phonon emission from
3PJ states to
1D2 state is stronger than thermal pumping acting in the opposite direction.
Therefore, the intensity ratio of 610 nm emission to 480 nm emission increases gradually
with increasing temperature. This is because an energy gap of 4000 cm−1 between 1D2
and 3PJ states is relatively large to overcome in moderate temperature through thermal
pumping. However, after 1100 K, thermal pumping is prevalent and the intensity ratio
decreases with increasing temperature.
Broadband emission phosphors In Eu2+, emission arises from the (5d → 4f)
transition. The energy levels should degenerate, since only one electron occupies the 5d
orbital. However, the 5d orbital is involved deeply in chemical bonding, thus the crystal
ﬁeld caused by interaction between the activator and the lattice can split the energy levels
in several positions. The decreased crystal ﬁeld stemming from thermal expansion results
in increased emission state and shift of emission band in the direction to UV regime. (See
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Figure 2.6.: Dieke diagram showing YAG:Pr3+ energy levels for transitions between 4f states and
locations of 4f5d bands. Reused from [44].
ﬁgure 2.7). On the other hand, the UV emission around 390 nm in ZnO redshifts with
increasing temperature. The reason for this is the decrease of band gap with increasing
temperature [74].
Figure 2.7.: Spectra of BAM:Eu2+ at diﬀerent temperatures.
Selection of method for the gas thermometry The lifetime method has been pre-
ferred to intensity ratio method in the application of the surface temperature measurement
(Compare Table 3 with 5 in [16]). The lifetime method has superior accuracy and pre-
cision, since it has greater temperature sensitivity than the intensity ratio method of
most of the phosphors [16, 31, 78]. Additionally, in the intensity ratio method, spectral
transfer function reacts so sensitively to an optical alignment that in-situ calibration is
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necessary. In spite of these disadvantages, implementation of the intensity ratio method
predominates in gas temperature measurement for the following reasons.
First, the turbulence should be resolved, which means the necessity of high temporal
resolution. Furthermore, most ﬂuids move faster than solids, and it is known that the
intensity ratio method is more suitable when the objects move fast [16][31]. The object's
displacement during a given measurement time should be limited to an order of magnitude
smaller than the spatial resolution of the detection system. For example, if the spatial
resolution of the detection system is 0.5 mm and the gas velocity is 10 m/s, the exposure
time should be the order of magnitude smaller than 50 µs to freeze the object. Therefore,
the requirement of short measurement time in gas thermometry is signiﬁcant, and this
is more critical to the lifetime method than the intensity ratio method. In the lifetime
method, the frame rate of the detector should be fast enough to resolve the lifetime τ
of selected phosphor. Considering that the available maximum sensor size of a CMOS
camera, which is widely implemented for the lifetime method in 2 dimensional temperature
measurements, decreases rapidly with increasing frame rate, it is clear that the lifetime
method is constrained in gas temperature measurement for the limitation of the detector.
In contrast, the intensity ratio method does not resolve the light in a given exposure but
integrates it and it is relatively free from the constraints of fast phosphor.
Second, the gas thermometry suﬀers from the weak signal resulting from thinner particle
number density than surface thermometry. Dividing the signal into small portions as in
the lifetime method exacerbates this problem. Therefore, the intensity ratio method
predominates in gas temperature measurements and has been used in this study. The
speciﬁc experimental setup will be followed in section 3.2.
2.2. Imaging phosphorescence from particles in ﬂow
Absorption and scattering by a particle Incident light on a particle suspended in a
gas attenuates by the absorption in the particle and the scattering to all directions. This
attenuation of light, i.e. scattering and absorption, is called extinction. In this study,
the PIV used the scattering of 532 nm light, while the thermometry is related to the
absorption of 355 nm UV light and the subsequent phosphorescence.
When a particle is illuminated by light, incident electromagnetic wave induces dipole
moment in each subdivision in the particle. The oscillating dipoles emit radiation in all
direction as shown in ﬁgure 2.8 and resultant superimposed light of wavelets is called
scattered light [14].
Scattered light can be categorized according to size parameter xsp ≡ pidp/λ, here, dp
denotes diameter of particle, λ wavelength of exciting radiation. When xsp  1, or the
size of the particle is much smaller than the wavelength of exciting radiation, Rayleigh
scattering applies. In this regime, all the secondary wavelets are almost in phase and
scattering does not vary in diﬀerent direction. Rayleigh scattering intensity depends 2pi/λ4
and also square of the volume of the particle, thus it is intense with excitation of short
wavelength and large particle size. When xsp ≥ 1, Lorentz-Mie Theory (LMT) applies. In
this regime, the wavelets interact each other and enhancement and cancellation of light
occur, thus, peaks and valleys are observed in scattering pattern. LMT was developed for
spherical particle, but has been extended its application to cylindrical and inhomogeneous
16
2.2. Imaging phosphorescence from particles in ﬂow
Figure 2.8.: Schematic of scattering. Reused from [14]
particles. As the last, when xsp  1, or the particle is much bigger than the wavelength
of exciting radiation, the geometrical optics applies. Here, each ray reﬂects and refracts
according to refractive index variation. The diﬀraction phenomena can not be considered
by this method.
When the excited particle by illuminating light transforms energy into another form,
e.g, heat, the absorption occurs. The total amount of absorbed energy in the particle
is represented by the total incident energy with the deﬁnition of the absorption cross-
section, σA ≡ Eabs/Ei, which is usually unknown. Here, Ei means incident energy, and
Eabs absorbed energy.
Irradiance distribution of particles in object plane One can represent lumines-
cence from micrometer-size particle distributed in the gas phase as point light source
because the magniﬁcation in a typical imaging system is smaller than one. Let some
particles with respective diameters be located at points, ~xp = (xp, yp) in space and the
laser ﬂuence of FL excite the particles as shown in ﬁgure 2.9.
The ensemble of the particles
could be deﬁned by Γ = { ~xp| ~xp is location of the particles}1 and the diameter of each
particle is deﬁned by function of particle position, such as
dp =
{
dp if ~x ∈ Γ
0 if ~x /∈ Γ
With the previously introduced absorption cross-section, σA, Planck's constant, h, the
frequency of exciting photon, νfreq, the total number of absorbed photons in a particle is
1Similarly with page 61 of [73]
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Figure 2.9.: Schematic of general planar imaging system of phosphor gas thermometry.
expressed as
FL
hνfreq
pi
4
d2pσA
Then, the number of emitted photons among absorbed one is expressed with the quantum
eﬃciency, ηq,
FL
hνfreq
pi
4
d2pσAηq
where, the quantum eﬃciency is deﬁned as the ratio between the number of emitted
and absorbed photons by the particle. Mostly, the absorption cross-section, σA and the
quantum eﬃciency2, ηq are unknown.
The emitted photons from a particle, the phosphorescence in this study, are collected
by a lens and the solid angle subtending the lens3, ∆Ω, determines the total amount
of photons collected among the emission from the particle. The collected photons in the
system pass through the optics, such as beam splitter, band pass ﬁlter, etc. Accordingly,
the number of photons decreases according to the transmittance of optics. Finally, the
total number of photons that arrive on the detector, nph,d, is obtained by integrating
the multiplication of transmittance of intermediate optics4 and the number of collected
photons at diﬀerent wavelengths.
2The quantum eﬃciency depends on the temperature and the laser ﬂuence. The former make thermo-
graphic phosphor to be used for thermometry, but latter brings systematic error with varying laser
ﬂuence. This will be dealt in detail in Section 5.2.2.
3The solid angle is speciﬁed according to the particular imaging system.
∆Ω =
pi
4
m2
(f#)2(m+ 1)2
here, the m denotes magniﬁcation, and f# is the f number, where f# = f/D, f is focal length, D is
size of the aperture [18].
4The transmittance of intermediate optics ηo could be a function of incident angle on the optics, which
means position of a particle, ~xp.
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nph,d =
∞∫
−∞
FL
hνfreq
pi
4
d2pσAηq∆Ωξodλ (2.1)
where, ξo is transmittance of intermediate optics. Then, the irradiance distribution of
object plane Io is expressed as point light sources having diﬀerent intensities. This could
be expressed with equation (2.1) and the Dirac function δ.
Io(x, y) =
∫∫ ∞
−∞
nph,d(x, y)δ(x− χ, y − ψ)dχdψ
Point spread function and image forming As mentioned previously, the particles
in the object plane are point light sources with diﬀerent intensities. This is represented
1-dimensionally in ﬁgure 2.10 (a). When the particles are imaged, however, they are not
Figure 2.10.: Illustration of 1-dimensional image formation procedure. The object (a) is convoluted
with the point spread function (b) and (c) represents the corresponding image as the result. Reused from
[37]
points, but somewhat blurred spots as shown 1-dimensionally in ﬁgure 2.10 (c). The blur
stems from the diﬀraction of the light and the possible aberration of the optics. This
blurring is expressed mathematically by a point spread function56, and the corresponding
5After assuming the imaging system as linear, the output of the system or the image could be represented
in terms of the response to certain elementary input, which is called impulse response in general and
point spread function in the imaging system. For the deﬁnition of impulse response, refer page 18 of
[33].
6In the diﬀraction limited system, the point spread function is airy function. In the presence of lens
aberration, analysis on the modulation transfer function helps to measure the point spread function.
See page 38-46 of [73]
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irradiance distribution of image Ii to the object is the convolution of the point spread
function and the object.(See page 483-486 of [37])
Ii(X, Y ) =
∫∫ ∞
−∞
nph,d(x, y)H(x, y;X, Y )dxdy (2.2)
here, H(x, y;X, Y ) denotes the point spread function.
Conversion of photons to counts on a CCD chip The photons impinged on a
pixel of a CCD array are converted to electrons by the photoelectric eﬀect according to
the quantum eﬃciency of the sensor. The quantum eﬃciency of the sensor has a spectral
dependence and usually provided by the manufacturer. Accumulated charges on a pixel
migrate to the charge (or on-chip) ampliﬁer through shift register and are converted to
voltage and ﬁnally to a gray value, counts by an analog-digital converter.
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Measurement system
Experimental set-up and data reduction algorithms used in the present study are described
in this chapter. The system for spectra measurement from packed powder in an oven,
of which results are presented in chapter 4, will be explained ﬁrst. The one for the
simultaneous measurement of the velocity and the temperature by aerosolized particles,
which chapter 5 and 6 deal with, will follow. In each section, an environment of a phosphor
particle, optical set-up, and reduction algorithms from the raw data to corresponding
scalars will be explained in detail.
3.1. Spectra measurement
To measure the spectra of phosphorescence at diﬀerent temperatures, the packed powder
of a phosphor was prepared and placed in an optically accessible oven. The phosphor was
excited with a laser, and the spectrum was resolved with a spectrometer and imaged on
a camera sensor. The images were converted to spectra by an algorithm.
3.1.1. Sample preparation and oven
As a measurement sample to be positioned in the oven, the phosphor powder was squeezed
moderately by a thin metal rod in a hole of a stainless steel plate. The plate had 8 holes
and diﬀerent phosphors could be ﬁlled in the holes at the same time. Both the diameter
and the depth of each hole were 3 mm. The inner diameter of the oven (Carbolite, CTF
12/100/900) was 105 mm and the length was 900 mm. The maximum temperature in
this set-up was 1200 K. An N-type thermocouple contacted the backside of the metal
plate, and this temperature was regarded as the reference temperature of the phosphor
sample. The oven was on a translation stage such that it can be shifted precisely in the
direction of xs axis in ﬁgure 3.1. Accordingly, the other light sources, such as integrating
sphere, calibration lamp or beam proﬁling camera could be placed in the position of focal
point of the achromatic lens.
3.1.2. Optical system
The sample was excited by the third or fourth harmonic of a single-pulse, Q-switched
10Hz Nd:YAG laser (Quanta Ray, Indi Series) at 355 nm or 266 nm according to the
absorption of the phosphor. The Pellin-Broca prism separated the light spatially into
diﬀerent wavelengths that light with the wavelengths out of the interest could be blocked.
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Figure 3.1.: Experimental setup for spectra measurement.
The laser was operated at full power to minimize the drift in time and attenuated by a
combination of λ/2 plate and Glan polarizer. The beam was homogenized by a beam
homogenizer (Holo Or, HM-210-UYA), and the focal length of the lens after the beam
homogenizer determined the size of the beam and the working distance1 where the phos-
phor sample was placed. The proﬁle of the beam was measured with a beam proﬁling
camera (Data Ray Inc., WinCamD series) at the working distance. The laser energy was
monitored by an energy meter (Gentec, QE25-SP) after the last mirror. The laser ﬂuence
was calculated by using the size and the energy of the beam from above measurements.
The emitted phosphorescence was collected with an achromatic lens placed at focal point
from the probed phosphor to parallelize the emitted light, while minimizing the eﬀect of
chromatic aberration. The parallelized light was focused at the slit of the spectrometer
(HORIBA Jobin Yvon, 270M(Spex)) by a spherical lens. The light was collimated with
a concave mirror inside the spectrometer and diﬀracted by the grating with a groove
density of 600 grooves/mm. The spectrum was focused on the imaging sensor of an
sCMOS camera by a concave mirror (f = 270 mm). An sCMOS camera (Lavision, Imager
sCMOS, 2560 × 2160 pixel, 6.5 × 6.5 µm2 pixels size) was used to detect the spectrum.
The exposure time of the camera was determined according to the life time of the phosphor
in measurement as summarized in table 4.1. To synchronize the camera and the laser, a
pulse generator (Quantum composer, 9520) was used. The slit width of the spectrometer
was ﬁxed at 100 µm and the resolution of detection system was around 0.9 nm based on
the fwhm of 467.1 nm peak of a Xe lamp2 (LOT-Oriel, LSP033), used for the wavelength
calibration. Around 200 nm wavelength range could be imaged at once. An iris was
placed in front of the achromatic collecting lens to position the light sources (phosphor
samples, Xe lamp, integrating sphere) at the same position. With the iris almost closed,
the position of the light sources were adjusted by translation stage in xs direction until
the signal in the detector was maximized.
1Here, the working distance means the position where the beam is homogenised.
2Emission of the lamp has narrow and discrete line spectrum.
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3.1.3. Data reduction algorithm
Figure 3.2.: Schematic of data reduction algorithm for a spectrum.
The recorded images were converted to spectra by an algorithm, which is schematically
depicted in ﬁgure 3.2. In each case, 137 shots were imaged and each image was subtracted
later with the background image. The background image was obtained by recording the
images with the laser blocked in the same conﬁguration and averaging them. The examples
of background subtracted raw images are shown in ﬁgure 3.2.
After subtracting the background, the image was linearly interpolated according to the
wavelength corresponding to the pixel position based on the wavelength calibration. For
the wavelength calibration of the spectrometer, the oven was shifted by using a translation
stage and the aforementioned low pressure discharge Xe lamp was positioned at the same
position and imaged on the sensor. From the image, locations of the peaks as pixel number
were identiﬁed and correlated with the corresponding wavelengths of the peaks. The line
spectrum of the lamp were provided by the manufacturer. By ﬁtting the points with a
curve, the wavelength calibration of the spectrometer was achieved. The spectrum of the
Xe lamp after the wavelength calibration is drawn in ﬁgure 3.3.
After the wavelength calibration, every row in each shot was averaged as shown in ﬁgure
3.2 denoted by step 3. The 2-dim spectra images reduced to 1-dim spectra proﬁles.
However, these spectra proﬁles are diﬀerent from the `true' spectra, since the transfer
function of the detection system, φ depends on the wavelength. The transfer function
means how the components such as lenses, grating, and sensor aﬀect the spectrum. A
reference light of integrating sphere (Gigaherz-Optik, UMBB-300) illuminated by 100 W
tungsten-halogen lamp was placed at the position of the phosphor sample and imaged by
the detection system. The transfer function, φ could be measured by dividing the mea-
sured spectrum, M , with the reference, R, provided by the manufacturer and normalizing
it, φ = (M/R)/max(M/R). The curves are drawn in ﬁgure 3.4. The spectra in step 3
in ﬁgure 3.3 was corrected by dividing the transfer function and drawn in step 4. Lastly,
the ensemble average of spectra from single shots were regarded as spectrum in a certain
case.
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Figure 3.3.: Measured spectrum of the Xe lamp for the wavelength calibration of the spectrometer. The
notation, A/B, denotes a measured peak wavelength [nm], A, and a peak wavelength [nm] provided by
the manufacturer, B.
3.2. Temperature and velocity measurement
To measure the velocity and temperature of an air ﬂow with phosphor particles, the air
was seeded with the particles and heated to high temperature. The particles suspended
in the laser, and subsequent Mie scattering and phosphorescence were imaged onto a de-
tection system. The temperature was deduced from the recorded images by an algorithm
introduced here, and the velocity by a commercial software (Lavision, Davis 8.2).
Figure 3.4.: The transfer function of the detection system. Measured and given spectra of the integrating
sphere are denoted as M and R. The transfer function is denoted by φ.
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3.2.1. High temperature seeded jet with co-ﬂow
The conﬁguration to realize the air ﬂow is sketched in ﬁgure 3.5. First, phosphor particles
Figure 3.5.: Nozzle shape.
were dried for a few hours at 400 K before being aerosolized. Then, the particles were
entrained into the air by an in-house ﬂuidized bed aerosol generator. An oriﬁce at the
outlet of the seeder was attempted to separate aggregated particles by strong shear force.
The seeded air was heated by an electric heater (denoted by an orange arrow in ﬁgure
3.5) and mixed with another unseeded air ﬂow (denoted by a red arrow in ﬁgure 3.5)
heated by 3.5 kW inline heater (Sylvania, Hot Air Tools). By adjusting the portion of
seeded and unseeded air, the seeding density could be adjusted. The two ﬂows were
mixed well in counterﬂow conﬁguration, which was also designed for the mixed air not
to reach the inline heater. The mixed air passed through the nozzle shape introduced
in [60] minimizing air separation. The inner diameter of the tube, d, was 16 mm and
the length of the straight part of the tube was long enough (500 mm > 31d) to assume
fully developed turbulent pipe ﬂow at the jet exit. Insulation helped to preserve the
heat energy. The jet was mounted concentrically with the outlet of wind tunnel [60]
to realize a co-ﬂow, which was designed to prevent the surrounding unseeded air in the
lab being entrained to the ﬂow. The co-ﬂow was seeded with the BAM particles by the
aforementioned same type seeder , but was not heated. The diameter of the co-ﬂow was
140 mm at the outlet. The whole set-up could be translated in the x direction in ﬁgure
3.5. This coordinate was applied to all analysis in Chapter 5 and 6. By lowering the
whole set-up while keeping the optical set-up, such as laser sheet and the cameras, the jet
at diﬀerent axial positions (x = 1, 4, 8, 15d) could be investigated. By increasing the ﬂow
rate, two jet Re were measured. More details on measurement conditions are summarized
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in Table 3.1.
Table 3.1.: Experimental conditions.
Jet exit
temperature
Coﬂow
temperature
Jet bulk
velocity
Coﬂow bulk
velocity
Jet maximum
velocity
Re 6400 614 K 315 K 21.13 m/s 0.16 - 0.24 m/s 36.4 m/s
Re 12800 618 K 310 K 42.26 m/s 73.4 m/s
Temperatures were measured by thermocouple.
3.2.2. Optical system
Figure 3.6.: The schematic of optical system for the simultaneous measurement of velocity and temper-
ature.
Velocity measurement The particles suspended in air were excited by 532 nm light
at 10 Hz by the second harmonic of double shot Q-switched Nd:YAG laser (New Wave
Research, Gemini PIV 200-15) to produce Mie scattering for the velocimetry. The time
delay between the shots from the two cavities were 5 µs. The energy of the beam was
adjusted by a combination of a λ/2 plate and a Glan polariser as shown in ﬁgure 3.6. A
sheet optics comprised of three cylindrical lenses shaped the beam to have the thickness
ranging from 0.45 to 0.7 mm at the measurement area. The 532 nm beams were well
aligned with UV beam for phosphor excitation. The beam proﬁle were measured with
the beam proﬁling camera (DataRay Inc., WinCamD series) and drawn in the insert of
ﬁgure 3.6 as green with 355 nm proﬁle in blue.
The Mie scattering was imaged with an sCMOS camera (Lavision, Imager sCMOS,
2560 × 2160 pixel, 6.5 × 6.5 µm2 pixels size) mounted with Nikkor 105 mm macro lens
stopped at f#=8. The magniﬁcation was around 0.29 and imaged area was 57 × 48
mm2. A 532 nm band pass ﬁlter was placed in front of the camera objective, and the
additional color ﬁlter (Schott, GG530) was put ahead of the 532 nm ﬁlter to prevent
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reﬂected phosphorescence by the 532 nm ﬁlter being imaged on the phosphor camera.
The color ﬁlter was tilted that the reﬂected Mie-scattering by phosphorescence ﬁlters was
not imaged in the PIV camera.
Temperature measurement The same particles used for velocity measurement were
excited by 355 nm light at 10 Hz, which was generated by the third harmonic of a single-
pulse, q-switched Nd:YAG laser (Quanta Ray, Indi Series) to produce phosphorescence
for the thermometry. The laser was operated at full power, and the energy was adjusted
by a λ/2 plate and a Glan polariser. The 355 nm laser was triggered 1 µs before the
ﬁrst shot of 532 nm light. A laser sheet was formed with combination of four cylindrical
lenses and superimposed with the 532 nm laser sheet by a long pass dichroic mirror. As
will be discussed in Section 5.2.2, using a homogeneous beam was important to avoid
systematic error. Therefore, the beam was expanded vertically with a f =-20 mm focal
length cylindrical lens, and a nearly top-hat beam proﬁle was obtained by using only the
center part of the beam (only 10 % of the total energy) while blocking the rest. Telescopes
were implemented to have a parallel beam in both vertical and horizontal directions. The
height and thickness of the beam were measured by imaging the ﬂuorescence from dilute
solution of a dye (Radiant Dyes Laser, Coumarin 307) contained in quartz cell at diﬀerent
radial positions. The measured height and thickness of the beam were 15 mm and 0.65
mm at measurement area, respectively and are shown in the insert of ﬁgure 3.6.
The emission following the excitation was imaged by a carefully designed detection
system. The phosphorescence was divided into two optical paths by a 75 mm×75 mm,
50:50 beam splitter with an anti-reﬂective coating on the backside (Edmund, #46-462).
Instead of 50:50 beam splitter, one can use a dichroic beam splitter to maximize the
amount of split light. In this case, however, angular dependency of transmittance of the
dichroic beam splitter, from which the 50:50 beam splitter is free, will be an issue. An
additional achromatic lens can help to solve this issue by parallelizing the emission while
increasing the solid angle at the same time.
To design ﬁlter sets placed after the beam splitter, the band of each channel should be
decided. However, as will be shown, with narrower ﬁlter bands, more sensible intensity
ratio to temperature could be obtained at cost of signal loss, and with broader bands, vice
versa: the temperature sensitivity and the amount of signal conﬂict each other. For the
optimization of ﬁlter sets to achieve high temperature precision, a mathematical model
was developed.
First, the eﬀect of camera noise on the precision of temperature could be modelled theo-
retically [27]. The camera noise, one of the signiﬁcant factors in precision, is comprised of
shot and read noise3. When photons impinge on a pixel, the photoelectric eﬀect converts
the photons to electrons. The number of accumulated electrons, ne, is changed to counts,
Σ, with the factor (counts/e), K. The relation of generated photoelectron with the num-
ber of impinged photon follows Poisson distribution; therefore, the variance of generated
electrons is the same as its mean, Σ/K and the variance of counts is expressed as KΣ
according to the error propagation. This uncertainty is called the shot noise. Another
uncertainty in camera noise is incurred during the conversion of the accumulated charge
to the counts, which is called read noise [18]. One can obtain the read noise experimen-
3Here, the noise is represented by one standard deviation
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tally by measuring the standard deviation of counts of each pixel while the camera lens is
covered by a cap. Although, the ﬂuctuation of the dark current is also included here, its
portion is generally regarded minimal in a cooled CCD array. The average of standard
deviations of the pixels could be interpreted as the read noise of the camera. The variance
of signal in each pixel, which is comprised of shot and read noise, might be obtained by
adding the variances of two noises on the assumption of no correlation between them.
Therefore, the standard deviation of the signal is
σΣi =
√
KΣi +N2cam
here, Σi=A,B denotes counts in blue and red channel, respectively, Ncam denotes the read
noise of a camera.
The inﬂuence of data reduction on temperature precision should be considered (a detail
explanation on the data reduction will follow soon). The images from blue and red
channels are registered4, then divided to produce the ratio image, r = ΣA/ΣB. After
assuming no correlation between the error of blue and red channels, the standard deviation
of intensity ratio, σr is expressed according to the error propagation as
σr
r
=
√(
σΣA
ΣA
)2
+
(
σΣB
ΣB
)2
Typically a smoothing ﬁlter (e.g. median ﬁlter, moving average ﬁlter) is applied to de-
crease the noise after the division, and averaging Nker samples decreases the standard
deviation with the factor of 1/
√
Nker. After smoothing, the ratio is converted to the tem-
perature by a calibration curve, T = f(r). Then, the standard deviation of temperature
could be expressed as
σT =
dT
dr
r
√√√√ 1
Nker
[(
σΣA
ΣA
)2
+
(
σΣB
ΣB
)2]
(3.1)
As shown in the equation 3.1, the precision improves with high temperature sensitivity
(1/dT
dr
), strong signal (ΣA,ΣB), and small intensity ratio, r. To predict the temperature
precision with given ﬁlter sets by equation 3.1, the information of 1/dT
dr
and ΣA,ΣB are
needed.
First, the temperature sensibility (1/dT
dr
) could be calculated by diﬀerentiating the vir-
tual calibration curve. Here, the virtual calibration curve is obtained by using the mea-
sured spectra in the oven at each temperature, Γ(λ, T ), (the experimental setup was
introduced in Section 3.1 and the results will be presented in Chapter 4) and the trans-
mittance, ξ of the ﬁlters. The virtual intensity ratio at each temperature, r(T ) is obtained
by dividing the virtual signals, which are integration of the convolution of the measured
spectra of BAM in an oven, Γ(λ, T ), and ﬁlter sets, ξ.
r(T ) =
ΣA
ΣB
=
∞∫
0
Γ(λ, T )ξA(λ)dλ
∞∫
0
Γ(λ, T )ξB(λ)dλ
(3.2)
4Remaining misalignment from the imperfect image registration will result in additional noise. This
eﬀect is not included in the model due to the diﬃculties in quantiﬁcation.
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Second, the signal, ΣA (or ΣB) is possible to be roughly estimated from the spectra
with a reference signal measured from seeded particles as also proposed in [27]. They
suggested following equation to evaluate expected signal intensity of BAM with diﬀerent
ﬁlter sets at a temperature from spectra measurement in an oven.
ΣA = ΣA,ref × Np
Np,ref
×
∞∫
0
Γ(λ, T )ξA(λ)dλ
∞∫
0
Γ(λ, T )dλ
×
∞∫
0
Γ(λ, Tref )dλ
∞∫
0
Γ(λ, Tref )ξA,ref (λ)dλ
× Q(T )
Q(Tref )
× S(FL)
S(FL,ref )
(3.3)
here, Np is the particle number density, Q is a function reﬂecting relative signal intensity
at various temperatures measured from seeded particles in the air, and S is a function
accounting for the total emission intensity according to the laser ﬂuence. ref state denotes
the condition, such as seeding density, temperature, laser ﬂuence, in which the reference
signal intensity from seeded particles in the air, ΣA,ref was measured. The equation 3.3
could be simpliﬁed further with following assumptions.
The seeding density, Np is assumed to be a constant. Seeding density of 1.2× 1011/m3
is plausible because it is typical one for PIV, which means 15 particles per interrogation
window size of (500µm)3. Although the seeding density ﬂuctuates in actual measure-
ments, seeding density was set to ﬁxed value because the purpose of the model is roughly
estimating the temperature precisions with given ﬁlter sets. By set the Nref same, the
term, Np
Np,ref
vanished. The laser ﬂuence was assumed to be same with the one in the
reference measurement, and then the term S(FL)
S(FL,ref )
also vanished. The function Q was
cancelled after assuming same thermal attenuation of the signal in seeded particles and
packed powder in oven, therefore
∞∫
0
Γ(λ,Tref )dλ
∞∫
0
Γ(λ,T )dλ
× Q(T )
Q(Tref )
= 1. It is required to pay particular
attention to this assumption because multiple scattering dominates optical properties in
packed powder and physical damage by heat and the laser excitation is possible in the
oven measurement. This issue should be investigated in near future. After assuming
above, the equation is simpliﬁed as
ΣA(T ) = ΣA,ref ×
∞∫
0
Γ(λ, T )ξA(λ)dλ
∞∫
0
Γ(λ, Tref )ξA,ref (λ)dλ
(3.4)
To optimize the ﬁlter bands, the transmissions of bench-marked ﬁlter sets were selected
from previous studies [29, 52] and summarized in ﬁgure 3.7 (a) with normalized spectra
of BAM at diﬀerent temperatures. The expected signal (ﬁgure 3.7 (b)) and the virtual
calibration curve (ﬁgure 3.7 (c)) were calculated by the equation (equation 3.1 and 3.4)
and the precision of temperature were predicted as shown in ﬁgure 3.7 (d). The ﬁlter set
1, which produced the best precision, was chosen (Chroma Technology, ET 400/40x and
ET 470/40x).
It was diﬃcult for phosphor thermometry to obtain reasonable SNR with the lens having
high f # such that Nikkor 50 mm lenses stopped at f#=1.4 with 8 mm extension rings
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were used for both cameras in this study. The phosphor thermometry suﬀers from low
signal as PLIF or Rayleigh scattering. It is required to use a camera lens having higher
f# than 1.2 for PLIF or Rayleigh scattering [18]. For imaging phoshorescence, interline
transfer CCD cameras (PCO, sensicam qe, 1376×1040 pixel, 6.45×6.45 µm2 pixel size)
were used for both `blue' and `red' channels. Both cameras opened 2 µs before the UV
laser shot, and the exposure time was set to 5 µs, acquiring full phosphorescence. The
life time of the BAM phosphorescence is around 2 µs at room temperature [52]. All
cameras and lasers were synchronized by a pulse generator (Quantum composer, 9520).
Although the 532 nm illumination presented during the exposure of phosphor camera, the
optical density of the phosphorescence ﬁlters (ET400/40x: 7.39, ET470/40x:8.00 given
from manufacturer) were high enough to suppress them. This suppression was conﬁrmed
Figure 3.7.: Predicting the precision of temperature with given ﬁlter sets for ﬁlter optimization.(a)
notation (blue;cwl-fwhm/red;cwl-fwhm): solid line, ﬁlter set 1(400-40/470-40); dashed line, ﬁlter set 2
(415-30/460-14) used in [29]; dash-dot line, ﬁlter set 3 (400-50/460-14) used in [52]; (b) blue symbols
denote signal of blue channel, red symbols red channel: circle, ﬁlter set 1; triangle, ﬁlter set 2; diamond,
ﬁlter set 3; (c) and (d) have same legend.
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by recording images without UV illumination but only with 532 nm illumination. The
magniﬁcation was around 0.15 and a 4 by 4 hardware binning was applied to reduce
read-out noise, resulting in a corresponding area of 170×170 µm2 at the object plane.
3.2.3. Data reduction algorithm
Velocity measurement As already mentioned, the velocity ﬁeld was deduced from
Mie-scattering image by the commercial cross-correlation algorithm implemented in Davis
8.2. Multi-pass iterative procedure in decreasing window size (1 pass at 64 × 64 pixels,
3 passes at 24 × 24 pixels with 50 % overlap) was applied. The spurious vectors were
removed by a median ﬁlter. The resultant interrogation window size was 480 µm and the
velocity ﬁelds were linearly interpolated to the grid of the temperature ﬁeld.
Temperature measurement The raw images from both `blue' and `red' channels were
subtracted with background images, which were recorded without laser excitation. Af-
ter the subtraction, both images were mapped each other with the image registration
algorithm implemented in Davis 8.2. This algorithm used images of a dot mark plate
(Lavision, type 7) taken by both cameras in the same set-up. After the image registration
with Davis 8.2 algorithm, residual mismatching could exist possibly from the misalign-
ment between the dot mark plate and the laser sheet. An intensity based automated image
registration algorithm implemented in Matlab [56] was attempted to solve the remaining
disparity, when required.
After image registration, the `blue' image was divided pixel by pixel by the `red' image
producing the intensity ratio image. To compensate for the diﬀerent light collecting
eﬃciency stemming from the eﬀects, such as vignetting and inhomogeneous sensitivity of
CCD sensor, a ﬂat ﬁeld correction was applied by dividing each ratio image by ensemble
averaged intensity ratio image at room temperature. After that, a 3 by 3 median ﬁlter
was applied to the intensity ratio image for denoising.
A calibration curve for converting the intensity ratio image to temperature was attained
by measuring intensity ratio of area with known temperature. Here, controlling the laser
ﬂuence and the seeding density as same with the actual measurement was important
because these factors also aﬀected the intensity ratio and brought systematic errors as
will be explained in Section 5.2.2 and 5.2.3. Therefore, the laser ﬂuence was maintained
as 55.4 mJ/cm2 for the calibration and the actual measurement. Furthermore, only the
images satisfying the criteria of seeding densities explained in Section 5.2.3 were selected
for calibration and actual measurements for data reduction. The seeding density was
extracted from the Mie image by a particle locating algorithm, which will be explained
soon. A part of the jet core (1.7×1.7mm2, 10×10pixels, at x/d = 0.7), where the jet is not
yet mixed with surrounding air, thus, the temperature was homogeneous, was exploited
for the calibration curve measurement. The reference temperature was obtained by using
0.5 mm K-type thermocouple at the position after the jet reached the steady state. At
each temperature, 300 shots were measured and only the images satisfying the suitable
seeding density criteria were used for the calibration. The number of selected images
with suitable seeding densities in each temperature is stated in table 3.2. The averaged
intensity ratios at jet core were related with the reference temperature. The attained
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calibration curve is shown in ﬁgure 3.8.
Table 3.2.: The number of images at each temperature case used for the calibration curve measurement.
Temperatures were sampled from 100 pixels in each image.
Temperature [K] 293 345 418 497 616
# of samples 88 198 47 3 47
Figure 3.8.: Calibration curve. The circle denotes ensemble averaged intensity ratio and bar one standard
deviation.
Table 3.3.: Selected number of shots in turbulent ﬂux measurement.
Re 6400 Re 12800
x = 1d 311 157
x = 4d 859 618
x = 8d 1354 867
x = 15d 854 675
With the calibration curve, the intensity ratio image were converted to temperature ﬁeld
and the general procedure is summarized as a ﬂow diagram in ﬁgure 3.9 and an example
of temperature ﬁeld after this procedure is shown in ﬁgure 3.10 denoted by `Temperature'.
Diﬀerent from gas tracers for LIF, such as a toluen or an aceton, the distribution of
thermographic phosphor particles are inhomogeneous; local regions (below 5% of total
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Figure 3.9.: Flow diagram.
area) having exceedingly high or low signal could exist. The technique, therefore, requires
masking (ﬁltering out in temperature calculation) those regions where (1) a count level
was below seven: twice the read-out noise, no signal, but an error and (2) a count level
was exceeding four times the average signal level: these exceedingly high phosphorescence
levels (below 1% of total area) were most probably due to large particles or particle
conglomerates that might show very diﬀerent thermal and ﬂuidic properties compared
to small single particles. (3) no particle presented: due to multiply scattered light, the
signal can exceed count level over seven counts. The reason and way of obtaining masks
for (1) and (2) are straightforward, thus, only the procedure to attain a mask for (3) is
explained. The mask(1) and (2) are illustrated in ﬁgure 3.10 as `Mask(1)' and `Mask(2)'.
Where no particle are presented, it was suspected that the multiple scattering could
cause a systematic error in this region as will be shown in Section 5.2.3. An algorithm
similar to [28] was used to recognize the regions with no particles. The algorithm used
Mie scattering image recorded at the same time with corresponding phosphorescence
image (see `Mie image' in ﬁgure 3.10). The background in Mie image was homogenized
by subtracting the ﬁltered Mie image using 30 by 30 moving average top-hat ﬁlter (not
shown in ﬁgure 3.10). Particle locations were then identiﬁed by ﬁnding local maxima
from the ﬁltered Mie image by an algorithm implemented in Matlab (`imregionalmax'
in Matlab produce a binary image that identiﬁes the local maxima. When the value in
a pixel is larger than surrounding 8 pixels, 1 is returned for the position, else 0. The
algorithm scan pixel by pixel). These local maxima were regarded as possible peaks by
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Figure 3.10.: Diagram of temperature calculation considering mask from particle location.
particles.
The `true' peaks by the real particles and the `false' peaks such as one by camera error
were distinguished by applying intensity threshold. Increasing this threshold removed the
peaks by the camera noise and spurious reﬂections, but reduced the number of identiﬁed
particles at the same time. Correspondingly, for instantaneously recorded images, the
phosphorescence signal integrated across the interrogation volume divided by the number
of particles contained in the interrogation volume (yielding `signal per particle') varied
by varying the threshold intensity. Based on the assumption that `signal per particle'
in jet core (temperature is steady) should be constant, the suitable intensity threshold
were chosen, which minimized the standard deviation of `signal per particle'. The rela-
tive standard deviation of the `signal per particle' decreased drastically with increasing
threshold intensity and reached the minimum asymptotically around 500 counts. There-
fore, 500 counts, which is less than 1% of the camera's maximum counts (65535 counts),
was chosen as the intensity threshold.
An image of the identiﬁed particle location is denoted as `Particle location' in ﬁgure
3.10. After locating the particles, the grid from the temperature ﬁeld (size of 170×170
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µm2) were overlaid on the particle location image and illustrated in ﬁgure 3.10, denoted
by `Particle location in temperature grid'. The number of particles in each cell in the grid
was counted (2D histogram in ﬁgure 3.10), and by applying speciﬁc number of particles
as a threshold, e.g. 1, 2, a mask that recognizes the location without particle was created
and illustrated as `Mask(3)' in ﬁgure 3.10.
These masks were overlaid on the aforementioned temperature ﬁeld and a 3 by 3 digital
binning was applied. The values were averaged except the values from masked pixel. The
ﬁnal temperature ﬁeld in the grid of 510 µm size is shown in ﬁgure 3.10.
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Investigating prospective phosphors
In this chapter, the spectra of eight prospective phosphors at various temperatures are
presented. An optimized ﬁlter set was selected for each phosphor, and a resultant virtual
calibration curve was calculated based on the ﬁlter set. The precision of temperature
measurement considering camera error and spatial ﬁltering were predicted for diﬀerent
phosphors and compared to each other. Furthermore, the eﬀect of laser ﬂuence on the
spectra of each phosphor was investigated by adjusting the exciting laser energy. In
the end, some phosphors are proposed as promising candidates for diﬀerent temperature
ranges.
4.1. Introduction
One of the attractions of phosphor thermometry is that the number of phosphors, which
might be utilized as a tracer for thermographic PIV, is virtually inﬁnite; hundreds of
phosphors in various industries, such as the lamp, the X-ray, and the display, have been
studied, and many of these phosphors have been applied successfully for its purpose (e.g.,
phosphors listed in [94]). Contrary to the vast inventory, only a few phosphors has been
applied to gas thermometry, and the temperature ranges of the applied phosphors are
also limited to 850 K [52].
It is evident that more phosphors should be evaluated regarding required characteristics
for gas thermometry purpose before an application. A similar work was done for the
phosphor surface thermometry (see ﬁgure 7 of [3] and table 3,4 and ﬁgure 4 of [16]): the
sensitivity of various phosphors in diﬀerent temperature ranges have been assessed, and a
suitable phosphor could be selected according to the temperature range of the application.
However in those results, an important information for the gas thermometry application,
signal intensity, is missing. In the surface temperature measurement application, the
signal intensity is relatively less important than other factors (e.g., short lifetime, emission
range) while in gas thermometry application, this is crucial.
As the ﬁrst characteristic of ideal phosphors for gas thermometry, one can mention
high emission. Diﬀerent from surface measurements, in which enough number of particles
are present in the measurement volume, the measurement of gas phase suﬀers from weak
signal from low particle number densities. Therefore, high absorption coeﬃcient and
quantum eﬃciency are important conditions for gas temperature measurements.
Second, the lifetime of a phosphor should be short enough to resolve turbulent time
scales and also to suppress the background with short gating of a camera.
Third, the spectra should shift or transform considerably according to the temperature.
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As minor factors, (1) the blue emission is preferred for low black body radiation in this
wavelength range, and (2) phosphor should not depend on the surrounding gas concen-
tration, which will cause systematic errors, especially in a combustion environment. (3)
Absorbing its emission is not favoured because it might lead to systematic error as shown
in Section 5.2.3. (4) The spectra should not depend on laser ﬂuence. A dependence on
the laser ﬂuence requires homogeneous beam for the measurement technique.
To evaluate phosphor according to the above mentioned criteria, an investigation from
phosphor particles suspended in air is more reliable than packed powder in the oven as
pointed out in [28]; a multiple scattering eﬀect dominates optical properties in packed
powder. The particles are prone to laser induced heating or even permanent damage by
repetitive strong laser excitation in oven experiment. Therefore, it was proposed to char-
acterize a phosphor from individualised particles in the air [28]. However, although all
their arguments are persuasive, characterizing a phosphor from seeded particles requires
considerable eﬀorts. Obtaining a large amount of particles of each phosphor for testing
might not be practical, and it is challenging to heat seeded air to high temperature with
limited particle amounts. Furthermore, the expected amount of signal is questionable to
measure spectra at various temperatures. By using packed powder in the oven, however,
most of the issues could be overcome. Heating up stationary sample is easily realized by
using an oven and the signal is strong enough to resolve the spectra at various temper-
atures. One can control the laser excitation and residence time at high temperature to
minimize permanent change or damage. Therefore, the oven measurement is proposed
to be a good approach to get a preliminary assessment from various phosphors, although
they are indirect information. After screening two or three phosphors, however, a detailed
analysis on individualized particles in gas as proposed in [28] should follow.
Investigated phosphors As promising candidates for the tracer of thermographic PIV,
some of the thermographic phosphors are selected, which have already been utilized in
surface measurement applications. High sensitivity was expected from these phosphors.
The list of phosphors from the lamp industry, in which the exhaustive research has
been performed to develop eﬃcient and reliable phosphors, might include some promis-
ing phosphors for gas thermometry. Among lamp phosphors, UV LED phosphors, which
converts near UV emission of GaN chip (350-420 nm) to the desired wavelength, were
investigated. If one can use 400 nm excitation for both Mie-scattering and phosphores-
cence of UV LED phosphors, the experimental setup might be further simpliﬁed. The
investigated phosphors in this study are listed in table 4.1.
4.2. Results and discussions
The spectra of phosphors listed in table 4.1 at various temperatures were measured with
the experimental setup explained in Section 3.1. The recorded images were reduced to
spectra by the algorithm described in the same Section. Among the above mentioned
three major characteristics, signal intensity and temperature sensitivity of each phosphor
were evaluated by the spectra in varying temperature. This study relied on the literature
for the lifetime, but it should be measured directly in the near future as will be explained
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later. Among minor factors, the inﬂuence of laser ﬂuence on spectra will be followed with
spectra in varying laser ﬂuence.
4.2.1. Spectra with varying temperature
Overall signal intensity comparison
First of all, the brief comparison of the signal intensity of investigated phosphors was pos-
sible by integrating each spectrum in the whole emission wavelength range. As mentioned
above, the signal intesity is one of the most important characteristics of phosphor for gas
thermometry. The comparison of broadband emission and codoped phosphors is shown
in ﬁgure 4.1, and the line-emission phosphors are shown in ﬁgure 4.2. Be aware that the
intensity scale of ﬁgure 4.1 is an order of magnitude larger than the one in ﬁgure 4.2.
Figure 4.1.: Overall signal comparison of broad emission and codoped phosphors.
Table 4.2.: Overall comparison of intensities. I350: relative signal at 350K to BAM:Eu. T50: temperature
at which the signal becomes half of the signal at 350 K.
Phosphor I350K [a.u.] T50 [K]
BAM 1.000 712
SRMG 1.361 535
LSP:EuTb 0.082 425
BAM:EuMn 0.612 512
YAG:Dy 0.159 877
GdO 0.015 440
YAG:Pr 0.015 612
YAG:Tb 0.179 481
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Figure 4.2.: Overall signal comparison of line-emission phosphors.
From these results, the I350 signal level, that was the relative signal at temperature 350
K to BAM and the T50 temperature, in which the signal becomes half of the signal in the
room temperature, were extracted and summarized in table 4.2. Among the phosphors,
BAM, SRMG, BAM:EuMn and YAG:Dy and YAG:Tb have comparable intensities.
Detail analysis on spectra and ﬁlter sets
Based on the spectra, the investigated phosphors were split into three categories according
to their emission type; (1) broadband emission, (2) line-emission and (3) energy transfer in
co-doped phosphors. As explained in Section 2.1.2, diﬀerent mechanisms induced spectra
change according to the temperature in the categories and the theory is repeated brieﬂy
here. In the following ﬁgures, the convolution of the transmissions of a selected ﬁlter set
and the quantum eﬃciency of the CCD camera is shown together with measured spectra
for each phosphor. The ﬁlter set was selected through an optimization process as the
BAM (see ﬁgure 3.7). Some of plausible ﬁlter sets from inventories of ﬁlter manufacturers
(Chroma Technology, Semrock) were chosen to use thermal behaviour of each phosphor
according to its category. Some of the ﬁlter sets were generated by CWL and FWHM
in 90 % transmission. However, it is likely to be customized without diﬃculty. After
that, by equation 3.1 and 3.2, a ﬁlter set, which gave the best temperature precision, was
chosen for the phosphor. The detail of each optimization will not be explained, but the
compared ﬁlter sets will be speciﬁed for each phosphor.
Broadband emission phosphor Shifts of spectra and broadening were observed in
broadband emitting phosphor, BAM and SRMG in this study as shown in ﬁgure 4.3
and 4.4. The emission of divalent Eu ion occurs by the transition 5d → 4f , which
is strongly coupled to crystal ﬁeld. With increasing temperature the average distance
between the lattice ligands and the activator ions increases by thermal expansion and,
therefore, the crystal ﬁeld is weakened. The weakened crystal ﬁeld increases the energy
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levels in the activator and results in the frequency shift to higher energy. Meanwhile,
the high vibrational states are occupied in high temperature and lead to the broadening
of emission spectra. For broad emission phosphors, one can use a spectral region where
strong broadening occurs as one channel, and the other spectra region where relatively
free from temperature change as the other channel.
For BAM shown in ﬁgure 4.3, one can observe that the 445 nm peak shifts towards UV
regime with broadening as also listed in table 4.3. The optimized ﬁlter set of 400-40 and
470-40 were selected as blue and red channels as discussed in Section 3.2.2.
For SRMG, the peak was around 460 nm, and impressive broadening, which was
stronger than BAM was observed; the FWHM of SRMG was broadened 1.6 times in
temperature range from 350 K to 810 K while the FWHM of BAM 1.2 times (see table
4.3). Furthermore, it has a higher intensity than BAM until 550 K although rapidly
quenched after that (see ﬁgure 4.1). Therefore, by using the both rising tails of the
spectra with temperature, high temperature sensitivity could be attained, hence high
precision was expected in an intermediate temperature range. A multi-band interference
ﬁlter (Semrock, FF01-416/501-25) was chosen for the blue channel (415-30, 503-25), and a
single-band interference ﬁlter (Semrock, FF01-460/14-25) was chosen for the red channel
ranging 511-20.
Figure 4.3.: Normalized spectra of BAM at diﬀerent temperatures with selected ﬁlter set(400-40/470-
40). See caption of ﬁgure 3.7 for compared ﬁlter sets. Temperature range 353, 463, 563, 663, 773, 873,
973 K in order.
Energy transfer in co-doped phosphor The energy transfer from sensitizer to the
activator diminishes at high temperature. By using activator peak as red channel and
sensitizer peak as blue channel, the intensity ratio increased strongly with the tempera-
ture.
BAM:EuMn has been widely used for PDP panel and UV LED phosphor because it can
absorb the light to around 420 nm and emit green light eﬃciently [59, 93]. BAM:EuMn
emitted strong emission at room temperature, but quenched fast at high temperature
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Figure 4.4.: Normalized spectra of SRMG at diﬀerent temperatures with selected ﬁlter set(415-30,
503-25/460-14). Compared ﬁlter set 1: 400-40/470-40, ﬁlter set 2: 435-20,498-20/460-14; ﬁlter set 3:
400-50/460-14. Temperature ranges 308, 413, 513, 613, 713, 813 K.
(see ﬁgure 4.1). The energy transfer from Eu2+ to Mn2+ decreased at high temperature;
therefore, the sensitizer peak increased at high temperature (see ﬁgure 4.5). This is also
shown in LSP:EuTb in ﬁgure 4.6. By using 513 nm Mn2+ peak as red channel and 452
nm Eu2+ peak as blue channel, one can expect strong temperature sensitivity. For LSP,
one can use the 539 nm Tb3+ peak as red channel and the broad 465 nm Eu2+ peak for
blue channel.
Figure 4.5.: Normalized spectra of BAM:Eu,Mn at diﬀerent temperatures with selected ﬁlter set (460-
80/511-20). Compared ﬁlter set 1: 460-80/513-7; ﬁlter set 2: 480-40/513-17; ﬁlter set 3: 480-40/511-20.
Temperature ranges 343, 447, 573, 623, 684, 813, 863 K.
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Table 4.3.: Peak and FWHM variation of BAM and SRMG
BaMgAl10O17 : Eu
2+ (Sr,Mg)2SiO4 : Eu
2+
T [K] Peak [nm] FWHM [nm] T [K] Peak [nm] FWHM [nm]
353 445.5 50.0 308 459.2 39.3
415 444.3 51.7 353 459.2 40.8
463 444.3 52.6 413 460.8 43.5
513 442.3 54.1 463 460.8 46.2
563 442.0 55.1 513 460.8 48.2
613 441.7 56.1 563 460.8 52.1
663 441.7 57.1 613 460.8 55.2
723 441.7 58.8 663 458.8 58.6
773 441.7 59.8 713 457.5 61.7
823 441.4 60.7 763 457.5 65.6
873 441.4 62.0 813 456.9 65
923 441.4 63.7
973 440.4 64.9
Line emission phosphor In line-emission phosphors, the intensity ratio of the peaks
can vary; the portion of longer or shorter wavelength emission can increase according to
the gaps between the energy levels. The emission arises from a transition between well-
shielded orbitals (4f → 4f), thus, relatively free from crystal ﬁeld and have small Stokes
shift. Most of them are a forbidden transitions, therefore, have relatively long lifetime
around an order of 1-10 ms at room temperature. When the eﬀect of increasing multi-
phonon emission rate at high temperature prevails, the high energy states are quenched
Figure 4.6.: Normalized spectra of LSP:Eu,Tb at diﬀerent temperatures with selected ﬁler set (460-
80/540-10). Compared ﬁlter set 1: 480-40/540-10; ﬁlter set 2: 460-80/511-20; ﬁlter set 3: 480-40/511-20.
Temperature ranges 353, 409, 458, 503, 563, 703 K.
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and the emission from there decreases. As a contrary, when the energy gap is close enough,
the higher energy states are populated by thermal pumping, thus, emission from there
increases. By using the emissions at diﬀerent wavelengths, line-emission phosphors could
be used for two color ratio method.
Figure 4.7.: Normalized spectra of YAG:Dy at 578 nm peak at diﬀerent temperatures with selected
ﬁlter set (460-30/585-30). Compared ﬁlter set 1 [35, 52]: 450-10/495-10; ﬁlter set 2 [45]: 460-30/485-30;
ﬁlter set 3: 470-40/585-30. Temperature ranges 343, 453, 553, 653, 753, 903 K.
YAG:Dy has experienced a great interest in an application to surface temperature mea-
surement in combustion environment in many studies [25, 42, 79, 80]. The spectra of
YAG:Dy particles, which were seeded into methane ﬂame, did not change after experienc-
ing the ﬂame [96]. By using the 467 nm and 496 nm peaks, the intensity ratio is sensitive
from 300 K to 1700 K [34]. As shown in ﬁgure 4.7, the peaks around 467 nm increased
at high temperature by thermal pumping, while the 496 nm peak was relatively stable.
In gas temperature measurements, Hasegawa et al. [35] and Lawrence et al. [52] used the
phosphor with the same color channels for surface temperature measurements. However,
as Lawrence reported [52], the signal was too weak for the gas temperature measurement
with these wavelength ranges. After that Jovicic et al. [45] used color bands 440 - 475
nm for blue channel and 475 - 500 nm for red channel to have more signal. They could
measure instant temperature ﬁelds, but the measurement quality was not comparable
with measurements with BAM [2, 29] or YAG:Pr particles [75]. Although most of the
study did not use the wavelength range 550-600 nm, it showed substantial emission in
this study. The range of 575 - 600 nm was relatively independent on the temperature and
could be used for the red channel as illustrated in ﬁgure 4.7.
GdO is a famous UV LED phosphor [90]. However, in the investigated temperature
range, it showed little temperature sensitivity as shown in ﬁgure 4.8. Therefore, no ﬁlter
was selected and it was not considered any further.
As GdO, the normalized spectra at 545 nm peak of YAG:Tb presented in ﬁgure 4.9
indicated negligible sensitivity in the studied temperature range here and it was not
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Figure 4.8.: Normalized spectra of GdO at 625 nm peak at diﬀerent temperatures. Temperature ranges
303, 403, 503, 613, 663 K.
considered further.
The YAG:Pr phosphor has been used in [44, 64]. They used the 435 - 526 nm region for
the blue channel and the 600 - 630 nm region for the red channel, as illustrated in ﬁgure
4.10. When normalized with the 615 nm peak, the 489 nm peak decreases rapidly with
the temperature by increasing non-radiative emission rate. However, as well known, the
489 nm peak will increase again after 1100 K by the population of a high energy state by
thermal pumping [44], although this study did not reach the temperature. Overall, the
broadening of spectra was observed.
Figure 4.9.: Normalized spectra of YAG:Tb at diﬀerent temperatures. Temperature ranges 353, 523,
693, 833, 983 K in order.
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Figure 4.10.: Normalized spectra of YAG:Pr at diﬀerent temperatures with selected ﬁlter set (620-
60/495-30). No ﬁlter set was compared for this phosphor, but the ﬁlter set used in [44] was adopted.
Temperature ranges 353, 453, 553, 653, 753, 843 K.
Although some of line-emission phosphors indicated little temperature sensitivity, by
using diﬀerent delay between channels, the sensitivity could be improved as shown in
[64, 86, 95]; the lifetime of each peak behaves diﬀerently when increasing temperature.
Therefore, they delayed one of the cameras and used diﬀerent lifetime variation in the
respective emission line. The temperature sensitivity of intensity ratio could be attained in
the expense of the signal strength. The phosphorescence can be spectrally and temporally
resolved by using a high speed spectrometer system [23] and this information could be
used to simulate improved temperature precision by time delay and design phosphor
thermometry.
Virtual calibration curve
With the measured spectra and given ﬁlter set, the virtual calibration curve was attained
by equation 3.2. The results are shown in ﬁgure 4.11 and from the slope of the curves of
each phosphor, one can conjecture the sensitivity of intensity ratio on the temperature.
Temperature precision
The temperature precision was selected as the primary value to evaluate a phosphor
because the temperature sensitivity and the signal intensity are reﬂected ultimately to
the temperature precision. As shown in equation 3.1, the information of dT
dr
, r, and ΣA
are necessary to predict the temperature precision of a phosphor when it is applied to
the gas thermometry. At a certain temperature, one can obtain dT
dr
and r from measured
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Figure 4.11.: Simulated calibration curves with given ﬁlter sets.
spectra as shown in ﬁgure 4.11, and the expected signal of a certain phosphor seeded in
the ﬂow at given temperature, IA was obtained by adding one more assumption to the
equation 3.4.
In equation 3.4, if it is assumed that the relative intensity of a phosphor to reference
phosphor BAM from seeded particles to be the same with the one from packed powder,
the equation could be expanded to other phosphor particles.
ΣA = ΣA,ref ×
∞∫
0
Γ(λ, T, TGP )ξA(λ)dλ
∞∫
0
Γ(λ, Tref , TGPref )ξA,ref (λ)dλ
, (4.1)
here, TGP means various phosphors.
By using the reference value from measurement of seeded BAM particles, the expected
signal of various phosphors at various temperature were conjectured. According to the
equation 3.1, the precision of temperature measurement was calculated and it is shown in
ﬁgure 4.12. In the model for this prediction, only camera errors and spatial ﬁltering such as
median ﬁlter are considered. In actual measurements, additional error such as background
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will deteriorate the precision. In the intermediate temperature range (300 - 500 K),
the SRMG and BAM:EuMn were very promising. However, for thermal quenching, the
precision of SRMG deteriorates rapidly after 500 K. BAM:EuMn showed worse precision
than SRMG in the temperature range lower than 500K, but better after 600K. However,
the precision of this phosphor was deteriorated suddenly after 600 K. BAM demonstrated
proper performance in a wide temperature range from room temperature to relatively
higher temperature around 800 K than other phosphors. YAG:Dy revealed poor precision
at low temperature because the signal in blue channel at low temperature was very weak.
However, around 700 K it showed the best precision.
Figure 4.12.: Estimated temperature precision according to error propagation.
4.2.2. Spectra with varying laser ﬂuence
The laser ﬂuence eﬀect on the spectra was investigated by adjusting exciting laser energy.
As it will be explained in Section 5.2.2, the dependency on laser ﬂuence necessitated the
measurement technique to prepare a homogeneous beam. The spectra at various laser
ﬂuence of the investigated phosphors are illustrated in ﬁgure 4.13.
Generally speaking, the laser ﬂuence dependence exhibited diﬀerent aspects according
to the type of emission; the broadband emission phosphors exhibited slight shift to UV
regime. In co-doped phosphors, the sensitizer peak decreased with increasing laser ﬂuence
possibly for accelerated energy transfer between sensitizer and activator. The line-emission
phosphors manifested little dependence on ﬂuence. More detailed analysis on the laser
ﬂuence eﬀect will be present in Section 5.2.2 with the spectra of BAM. Investigation of
laser ﬂuence eﬀect on aerosolised particles is also presented there. Here in ﬁgure 4.13, one
can roughly compare the degree of the dependence compared to BAM and anticipate its
laser ﬂuence dependency.
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Figure 4.13.: Normalized spectra of phosphors at varying laser ﬂuence.
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4.2.3. Limitation of characterizing phosphor in oven
As outlined in the introduction to this chapter, the interpretation based on the spectra
from packed powder is not suﬃcient for applying to the tendency of seeded particles in
the air. One of the evidence was that the virtual calibration curve based on spectra mea-
surement from packed powder in the oven was inconsistent with the measured calibration
curve from seeded particles in the air as shown in ﬁgure 4.14. Although a little diﬀerence
between the laser ﬂuence used for two measurements existed, the excessive gap, especially
at high temperature, could not be attributed to the laser ﬂuence diﬀerence only. The dis-
crepancy between the virtual and measured calibration curves was also reported by [45].
For the multiple scattering in packed powder and possible physical damage of phosphor
in the oven, special care is required to transfer the information to the seeded particles.
Figure 4.14.: Comparison of measured calibration curve from seeded particle and virtual calibration
curve from spectra.
4.3. Conclusion
Characterization with the oven was appropriate to distinguish prospective phosphors from
non-promising ones; the signal intensity and the temperature sensitivity could be reason-
ably estimated, although the discrepancy between packed powder and the individualized
particles existed obviously. By surveying the list comprised of a virtually inﬁnite number
of phosphors and characterizing them in the oven, phosphors suitable for various temper-
ature range shall be found. In this study, following phosphors are nominated for further
investigation.
BAM:EuMn and SRMG could be suitable phosphors in the temperature range of 300
- 500 K for their strong emission. Especially, if their emissions by the excitation of UV
LED light source (around 400 nm or longer excitation) are similar with the one by 355
nm excitation (e.g., absorption cross-section, quantum eﬃciency, emission spectra), the
experimental setup could be further simpliﬁed, e.g., using one double cavity UV LED for
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Mie scattering and phosphorescence excitation or high speed LED source for simultaneous
high speed PIV and temperature measurements. At present, the UV light to excite the
phosphor particle, 266 nm or 355 nm lights are diﬃcult to be used for PIV for the low
transmittance of camera objective in the wavelength range and quantum eﬃciency of the
detector. 400 nm or longer wavelength light is more promising for the Mie-scattering
detection. YAG:Dy indicated worse capability at low temperature, but it showed highest
T50, which indicate the possibility as high temperature phosphor. Although its absolute
emission intensity is relatively weak, the chance to be applied to high temperature mea-
surements remains, if one can increase the intensity by adjusting its host [51] or using
a diﬀerent shape, e.g., hollow particles; in [51], they substituted the tetrahedral sites in
YAG with B3+ and N3− and tuned the host. Because the phosphorescence is inﬂuenced
by the host, stronger signal and delayed thermal quenching around 100 K of YABNG:Dy
than YAG:Dy has been reported. In this study, to investigate the turbulent ﬂux in jet
with co-ﬂow conﬁguration, BAM was selected for its high precision in the temperature
range of interest.
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Measurement uncertainties
Due to the components of uncertainties arising from the random and the systematic eﬀect1,
a measurement is only an approximation of the quantity to which the measurement is
subject to. Therefore, a quantiﬁcation on the measurement uncertainty is necessary for
the result to be complete [87]. In this chapter, the eﬀects of uncertainty components
in the temperature measurement such as camera noise, spatial ﬁltering, laser ﬂuence,
seeding density, are analysed partly theoretically, and partly statistically based on the
measurement data. Through this analysis, the performance of this measurement technique
can be estimated. The analysis is separated into two parts, the precision and the accuracy.
5.1. Precision analysis
The precision means how close the repeated measurements locate each other. Typically,
the standard deviation of the measurements represents the precision and expresses itself
as q ± σq. Here, q denotes measurement quantity and σq the standard deviation. The
relative standard deviation, σq/q is also a widely used term. The smaller a standard
deviation is, the better precision we get.
A theoretical model that includes the eﬀect of camera error and spatial ﬁltering was
introduced in equation 3.1 and will be applied to the measured data. The impact of
residual misalignment after the image registration and diﬀerent smoothing schemes will
be assessed. Lastly, the precision of this study will be expressed statistically.
Comparison of theoretical model with measurement The model, equation 3.1
was applied to the measured data. The experimental set-up was the same with the one
in Section 3.2. The data were sampled from 673 shots in the jet center at the x=1.5d
position (sampled area 20 by 20 pixels), when the jet reached steady state temperature of
530 K. The sampled temperatures were conditioned according to the signal intensity in
the red channel (bin size of 50 counts), and then the standard deviations of the samples
were calculated. The relative standard deviation, σT/T are denoted by symbols in ﬁgure
5.1.
To calculate the σT from the model,
dT
dr
r at 530 K was obtained from measured cali-
bration curve and K = 0.25 from the speciﬁcation of the camera, Ncam = 1.5 measured
experimentally for 4 by 4 hardware binned camera as explained previously, Nker = 25
1The random eﬀect usually inﬂuences a precision of the measurement, and the systematic eﬀect inﬂuences
an accuracy, but not necessarily.
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Figure 5.1.: The eﬀect of camera error and the image registration on the uncertainty of temperature
measurement. Calc.(eqn 3.1) denotes the calculation based on the equation 3.1, and Calc.(eqn 5.1)
equation 5.1. For calculation the values K = 0.25, Ncam = 1.5, Nker = 25, T = 530K, r = 0.264 have
been used and a constant 2 % error has been used for Calc.(eqn 5.1). `Meas. unreg.' denotes measurement
data before image registration and `Meas. reg.' after. Read the text for detailed explanation. The sample
was acquired from 20× 20 pixels in jet center at the x=1.5d axial position in 673 shots. The sample was
binned with 50 counts and the standard deviation was calculated for each signal level.
according to used ﬁlter size, have been used, and the calculated relative error in % is
shown in ﬁgure 5.1 denoted by solid line. By comparing the measurement data and the
calculation in ﬁgure 5.1 (denoted by the cross and the solid line), one can observe as
also found in [28] that (1) the theoretical model catch the trend well but with a constant
diﬀerence and (2) the camera error was signiﬁcant in temperature uncertainty (about
50%). Here, one should keep in mind that the ﬂuctuations from the turbulence exist in
the measurement because in this study a long pipe was used to generate the heated jet.
Generally it has a certain degree of turbulence intensity at the jet center (see ﬁgure 6.9).
By assuming no correlation between the camera error and the ﬂuctuations by turbulence,
the measured rms of the temperature, σm,T is
σm,T =
√
σ2T + σ
2
t,T (5.1)
here, σ2t,T is the variance by turbulence. Accordingly, by assuming a constant 2% error
from the turbulent ﬂuctuation, the estimation of measured rms of temperature, σm,T was
graphed as dashed line. As pointed out by [28], the remained constant diﬀerence be-
tween the theoretical model and the measurement especially in low signal range (compare
dashed line and crosses) could come from unknown errors, which may include misalign-
ment between two cameras, or diﬀerent laser ﬂuence or/and seeding density eﬀects to be
explained in the accuracy part.
Figure 5.1 also indicates the importance of image registration. Both symbols in ﬁgure
5.1 are after the image registration with the algorithm in Davis 8.2. In most of the cases,
after the image registration algorithm, subpixel image registration is obtained. However,
when a misalignment between calibration target and the laser sheet is presented, disparity
between two images may exist. The algorithm in Matlab applied (1.21, 0.49) pixel shift
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and 0.035◦ rotation only to the measurement denoted by crosses in ﬁgure 5.1. See Section
3.2.3 regarding both image registration. The division provided the ratio and the 5 by
5 moving average ﬁlter were followed. From ﬁgure 5.1, one can clearly observe that the
image registration played a considerable role in temperature uncertainty. This eﬀect is
accentuated in the low signal regime, in which the seeding density was low and matching
both image became more important. Similar ﬁndings were reported in [28].
Furthermore, the eﬀect of spatial ﬁlter was assessed. The spatial ﬁlter, such as moving
average or median ﬁlter, decreases the random eﬀect and improves the precision with
the expense of the spatial resolution. The precision improvement by the diﬀerent spatial
ﬁlter was examined by applying each ﬁlter to the same measurement data. The ﬁlter were
implemented to the whole image and then the sampling was applied to 20 by 20 pixels in
the jet core. Standard deviations were calculated from each sample of diﬀerent cases. As
Figure 5.2.: Temperature precision improvement by a diﬀerent spatial ﬁlter. Circles denote moving
average ﬁlter and the crosses median ﬁlter. The dotted line is a ﬁtting of equation, c/
√
Nker. c is an
arbitrary constant.
shown in ﬁgure 5.2, the temperature uncertainty decreases dramatically with increasing
kernel size. However, it did not improve as much as the theoretical model, equation 3.1
(compare dashed line and symbols in ﬁgure 5.2). The moving average and the median
ﬁlters did not show a signiﬁcant diﬀerence in precision.
Current status of precision The precision of the temperature measurement in Section
6.1 was assessed statistically. As explained in the above analysis, the precision depends
on the camera error, signal strengths, the temperature sensitivity, and the size of the
spatial ﬁlter. The range of the two color bands determined the temperature sensitivity
and inﬂuenced the signal strength of each channel. The size of the spatial ﬁlter was limited
by required spatial resolution according to the phenomena to be examined.
The temperature precision of this study, which is constrained by the restrictions men-
tioned above, is statistically evaluated. The measurements in single pixels in the jet core
(x = 0.7d above the jet exit, 3.06× 2.55mm2 area, 6× 5 pixels) were sampled at diﬀerent
temperatures. The total sample size varied at diﬀerent temperature because the seeding
density ﬂuctuated and only the images with suitable seeding density were selected. The
probability density function of each sample was drawn in ﬁgure 5.3. The mean, the stan-
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dard deviation, the relative standard deviations, and the numbers of samples are written
in the ﬁgure 5.3.
Figure 5.3.: Precision of the temperature measurement. The quantity in each bin is divided by total
quantity to produce probability density function. Notation denotes mean/standard deviation(relative
standard deviation)/number of samples
5.2. Accuracy analysis
The accuracy means how close the estimated value from repeated measurements to the
true value is. A systematic error existing in the measurement will bias the expected
value always in the same direction and amount from the true value [8]. Therefore, the
systematic errors should be identiﬁed.
For an application to phosphor surface thermometry, Brübach et al.[16] have identiﬁed
six categories of systematic errors that might inﬂuence the accuracy of the technique
(Table 2 in [16]). Although his work is concerning surface thermometry, the basic frame
of the analysis may apply to the gas thermometry since he identiﬁed possible errors in
each procedure of the measurement:
• the phosphor (temperature → luminescence properties)
• the signal detection (luminescence properties → signal response)
• the algorithm for data reduction (signal response → scalar value)
For these processes, they identiﬁed possible six categories that might aﬀect the accuracy
of the measurement and their table was modiﬁed for the gas thermometry application in
table 5.1.
First, the temperature diﬀerence between a particle and the gas phase should be esti-
mated. Phosphor thermometry measures the particle temperature and assumes that it is
the same with the gas temperature. Therefore, the diﬀerence between particle and gas
temperature directly aﬀect the accuracy of the thermometry. This factor will be surveyed
in Section 5.2.1.
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Table 5.1.: Classiﬁcation of the six categories of systematic errors, modiﬁed from [16].
1. Thermal interaction
- the phosphor particle and the ambient air are not in thermal equilibrium
- inﬂuence of the phosphor particle on the gas
2. Photo-physical properties of the phosphor
- inﬂuence of the laser ﬂuence on the phosphorescence
- eﬀect of high temperature on the phosphor
- eﬀect of surrounding gas on the phosphor
3. Signal detection: impact of the transfer function of the detection system
- inﬂuence of the particles placed between object and image plane
4. Data reduction algorithm from signal response to the scalar
5. Discrepancy between measured intensity ratio and ﬁtted calibration curve
6. Uncertainty of the reference thermocouple
Second, several factors might manipulate the phosphor transfer function. A phosphor
transfer function means how the phosphor converts its temperature to phosphorescence.
When a factor other than temperature inﬂuences this transfer function, the factor should
be carefully controlled. Among these factors identiﬁed in [16], this work addressed the
eﬀect of laser ﬂuence, and the result will be explained in Section 5.2.2. Regarding the
eﬀect of surrounding gas, Fond et al [27] showed that no diﬀerence between the intensity
ratio measured from particles in pure nitrogen and in air. If one is to apply this tech-
nique to combustion studies, one should investigate the possible irreversible change of
phosphorescence after a short residence time at extremely high temperature. The ther-
mal degradation of BAM in long exposure to intermediate temperatures was reported in
many studies, e.g. [9, 49], while the survivability of the YAG:Dy and BAM particles after
experiencing the ﬂame has been reported in [96] and [88], respectively.
Third, the transfer function of the detection system that images the phosphorescence
from the particles to the sensor can alter. The eﬀect of particles suspended in the optical
path was classiﬁed into this category. The results are presented in the Section 5.2.3.
Fourth, the transfer function of the algorithm that ultimately converts the signal to
the temperature should be investigated. The intensity ratio method is relatively free from
this issue [16], but still careless ﬂat ﬁeld image can cause a systematic error. The category
5 and category 6 were not considered because applying them to the gas thermometry was
trivial.
5.2.1. Thermal equilibrium
When a particle locates in the gas phase, there is heat transfer between the particle
and the gas phase for the temperature diﬀerence. The particle has spatial and temporal
temperature distribution inside. However, one can disregard the spatial distribution of
temperature with the lumped capacity model and simplify the problem, if the criterion
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of Bi << 0.1 is satisﬁed2.
Bi =
kg
3kp
where k is the thermal conductivity and subscripts g and p mean gas and particle, re-
spectively. Usually, the host materials for thermographic phosphor have much greater
conductivity than air, e.g., the thermal conductivity of air at 625K is 4.7× 10−2[W/mK]
and of Al2O3 is 24.2[W/mK]. Therefore, Bi = 6.4 × 10−4 << 0.1 . The model could
usually be justiﬁed in this condition. Now, the temporal temperature evolution is dictated
by the equation.
−hconvAp(Tp − Tg) = ρpVpCpdTp
dt
where, hconv is the heat transfer coeﬃcient, A is the surface area, T is a temperature, ρ is
the density, V is the volume, C is the heat capacity, and t is the time. After separating
variables and integrating from initial condition, Tp = Tp0 at t = 0,
Tp − Tg
Tp0 − Tg = exp(−
hAp
ρpVpCp
t).
Since 2 µm BAM particles dynamically trace the gas phase well (see Appendix A.1), one
can reasonably reduce the heat transfer to only the conduction, and thus, heat transfer
coeﬃcient, h becomes 2kg/dp. Although the shape of BAM particles are arbitrary, one
can regard it as spherical for the simplicity of the analysis. Then, Ap = pid
2, Vp = pid
3/6.
Accordingly the equation reads,
Tp − Tg
Tp0 − Tg = exp(−
12kg
ρCpd2p
t).
After deﬁning variables, θ ≡ Tp − Tg
Tp0 − Tg and the relaxation time, τT ≡
ρCpd
2
p
12kg
, the equation
is rewritten as
θ = exp(− t
τT
).
herefore, if the gas temperature is constant, it will take τ for the particle to trace the
gas temperature in the error of 36.8%, 2τ in the error of 13.5%, and 3τ with the error of
5.0%. For example, the relaxation time of 2 µm BAM : Eu2+ particle at 625 K air is
around 20 µs, which means it will take 60 µs to follow the gas temperature in an error of
5%. Here, ρp = 3700[kg/m
3] which is provided by manufacturer, Cp = 777[J/kg] which
is approximated using Al2O3 as suggested by manufacturer, and kg = 4.7 × 10−2 at 625
K from [89].
5.2.2. Eﬀect of laser ﬂuence
The laser ﬂuence can aﬀect the phosphorescence, such as its emission intensity, lifetime,
or spectra. Most of previous studies in the lamp or display industries were concerning
2This classical approach to the heat transfer of a sphere submerged in a ﬂow is explained well in page
240-243 of [39].
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the luminescence saturation, the sublinear tendency of the luminescence intensity. Three
mechanisms were widely proposed for the reason: (1) a depletion of ground state [58] (2)
interaction of excited states [38] and (3) temperature increase by non-radiative emission.
The excitation ﬂuence and the luminescence saturation is very interesting issue in the
gas thermometry as well [28]. However, the inﬂuence of varying laser ﬂuence on the
temperature measurement (lifetime or intensity ratio), which brings a bias, will be dealt
here.
In phosphor surface thermometry, for which the lifetime method has been widely used,
decreasing lifetime with increasing laser ﬂuence has been reported in e.g., [15, 30]. How-
ever, in phosphor gas thermometry, the eﬀect of laser ﬂuence on the BAM has been
regarded negligibly weak [29, 52, 54], and using a homogeneous beam has been not con-
sidered. The calibration curve has typically been measured at one spatial point and
applied to all points in the ﬁeld of view. This assumption will cause a systematic error
if the quantum yield depends on the laser ﬂuence; if the laser ﬂuence diﬀers between the
calibration curve and the actual measurement, the measured temperature will be diﬀerent
with the real one. Furthermore, even if the same laser ﬂuence was used for both mea-
surements, spatially varying laser ﬂuence with typical sheet optics can result in variant
temperature even in a uniform temperature (e.g. at room temperature). Recently, the
same author in [29] showed the increasing intensity ratio with the increasing laser ﬂuence
at room temperature without detailed analysis. The present study investigated the eﬀect
by measuring the spectra from packed powder in an oven ﬁrst and the intensity ratio
coming from particles suspended in the air later. From the spectra measured in the oven,
a possible reason for the varying spectra in varying laser ﬂuence will be proposed. In the
end, the importance of using a homogeneous beam for this measurement technique will
be given.
Investigation with packed powder in oven
The experimental setup explained in Section 3.1 were used to investigate the eﬀect of
laser ﬂuence by measuring spectra from packed powder in an oven. The laser ﬂuence was
varied from 0.3 - 119 mJ/cm2 at 5 diﬀerent temperatures (300, 350, 400, 450, 500 K). In
every measurement case, 50 shots of phosphorescence were recorded and averaged. The
averaged spectra at room temperature at diﬀerent laser ﬂuence are shown in ﬁgure 5.4.
Apparently, when the exciting ﬂuence increased, the spectrum shifted towards the UV
without noticeable broadening. Two peaks at 446 nm and 452 nm were observed, and
the 446 nm peak became stronger than 452 nm at high laser ﬂuence. Similarly, the shift
without signiﬁcant broadening of spectra were observed at 500 K as shown in ﬁgure 5.5,
but the eﬀect was less consequent.
First, regarding the peak change at room temperature (452 nm→ 446nm), the diﬀerent
sites, where divalent Eu ion can accommodate, may help to analyse this peak change.
According to [49], more than two sites for Eu ion exist, namely Beevers-Ross (BR), anti-
BR (aBR), and mid oxygen (mO) sites. The varied crystal ﬁeld in diﬀerent sites can split
the 5d orbital and diversiﬁes the emission wavelength. The resultant emission spectrum is
a convolution of the emission from split 5d orbital in each site to 4f orbital. The measured
spectra for the 0.3 and 119.0 mJ/cm2 cases are ﬁtted with convolutions of three Gaussian
peaks and illustrated as a blue and a red solid line in ﬁgure 5.4. Each Gaussian peak for
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Figure 5.4.: Measured spectra of BAM at room temperature with varying laser ﬂuence. The spectra
were normalized with the 446 nm peak. 50 shots were averaged for each case. Black solid line denotes
0.3, dash-dot line 7.3, dashed line 59.1, dotted line 119.0 mJ/cm2 case. The blue and the red solid
lines are ﬁtting to the measured spectrum at 0.3 and 119.0 mJ/cm2 case respectively. The ﬁttings were
composed of three Gaussian peaks (emissions from BR, aBR, mO sites). Each Gaussian peak was ﬁgured
as a dashed line with the same color notation. The spectra shift towards UV without broadening with
increasing laser ﬂuence.
Figure 5.5.: Measured spectra of BAM at 500K with varying laser ﬂuence. See ﬁgure 5.4 for the notation.
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the corresponding site was ﬁgured as a dashed line with the same color with its notation.
At high laser ﬂuence, a portion of the emission at BR site increases and this can explain
why the 446 nm peak becomes stronger than the 452 nm one.
The decrease of crystal ﬁeld might account for the shift of spectra toward UV regime in
high laser ﬂuence. With the more intense laser ﬂuence, the more activators are excited.
The ligand interact with more activators, and thus, the crystal ﬁeld is distributed wider
and weakened. As a consequence, the energy level in the activator increases, and the
spectra shift to UV regime universally at three Eu sites with the increase of laser ﬂuence.
It is worth to revisit the diﬀerent behavior of line-emission phosphors and the broadband
emission phosphors (see ﬁgure 4.13). On the contrary to BAM, varying crystal ﬁeld aﬀects
little the spectra of line-emission phosphors, such as GdO, YAG:Pr, and YAG:Tb, in which
the emission arises from the (4f → 4f) transition shielded by outer occupied orbitals and
receive less eﬀect by the crystal ﬁeld. This complement that the varying crystal ﬁeld
played a role in spectra change of BAM, when the laser ﬂuence varies. Moreover, at
high temperature the spectra shift by increased laser ﬂuence was less severe than at room
temperature as shown in ﬁgure 5.5. This can be also explained in the context of the crystal
ﬁeld. At high temperature, by thermal expansion, the distance between the activator and
the ligand is elongated, and thus, the eﬀect of the crystal ﬁeld on the energy level of
activator will be weakened. Therefore, when the crystal ﬁeld is weakened by increased
number of interacting activators, the eﬀect on the energy level of the activator will be also
weakened. These evidences imply a possibility of laser ﬂuence being a signiﬁcant source
of systematic error.
Another thing to pay attention to is the insigniﬁcant broadening. This trend contrasted
with the one with temperature increase, in which the spectra not only shift but also
broaden (see ﬁgure 4.3). At high temperature, the weakened crystal ﬁeld by thermal
expansion shift the spectra to UV regime. At the same time, the population of higher
vibrational states of the activator and the increased lattice vibration cause the broadening
of the spectra. Based on the spectra shift without signiﬁcant broadening, it could be
concluded that the tendency of spectra according to the laser ﬂuence can not be attributed
only to the temperature increase, but more related to the crystal ﬁeld variation.
The expected relations of the intensity ratio to the laser ﬂuence at diﬀerent tempera-
tures are drawn in ﬁgure 5.6. The spectra at varying laser ﬂuence were multiplied by the
each transmission curve of the ﬁlter set in ﬁgure 4.3. The integrations of the multiplica-
tions were regarded as expected signal in blue and red channels and the division of them
was assumed as the intensity ratio. Normalization was performed by dividing with the
intensity ratio at the smallest laser ﬂuence. As expected from the shift of the spectra,
the laser ﬂuence aﬀected the simulated intensity ratio signiﬁcantly, and this trend was
weakened at high temperature.
Although the laser ﬂuence eﬀect on the intensity ratio appears clear from the spectra of
packed powder in the oven, one may not conclude the signiﬁcance of this eﬀect. It is for
the diﬀerent behaviour of packed powder and individualized particles as pointed by [28]:
1) a multiple scattering eﬀect prevails in packed powder [94] and 2) repetitive excitation
and long residence time at high temperature can degrade the material. Therefore, an
investigation with particles suspended in the air were followed to conﬁrm the eﬀect.
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Figure 5.6.: Simulated intensity ratio trend of BAM with increasing laser ﬂuence. The intensity ratio
was calculated by using measured spectra of packed powder in oven and ﬁlter set in ﬁgure 4.3. The
intensity ratio was normalized to the value at the lowest laser ﬂuence at each temperature. The sample
number was 50, and the error bars denote one standard deviation.
Investigation with aerosolized particles in air
With the experimental setup explained in section 3.2, the trend of intensity ratio with
laser ﬂuence at two diﬀerent temperatures was investigated by adjusting the laser energy
with lambda half plate. The intensity ratios from the region (1.7mm × 1.7 mm) inside
the jet core were sampled and the ensemble average and one standard deviation were
graphed in ﬁgure 5.7.
Figure 5.7.: The normalized intensity ratio over the laser ﬂuence varying 9  80 mJ/cm2 in two diﬀerent
temperatures. Symbols denotes ensemble average and the bars one standard deviations. The data was
sampled from in jet core region spanning 1.7mm × 1.7 mm.
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As seen in ﬁgure 5.7, the intensity ratio increased around 5% in the room temperature
as if the temperature increased. However, at 615 K, the intensity ratio almost did not
increase. The result is consistent with the oven experiment: (1) strong excitation increased
the intensity ratio and (2) this inﬂuence appeared severer at room temperature than at
high temperature. At the same time a discrepancy between the investigation on packed
powder and individualized particles existed; around 27% increase in packed powder and 5
% in aerosolized particles in the range from 10 to 80 mJ/cm2. As mentioned previously, the
multiple scattering inside the packed powder played a role in the diﬀerence. However, it is
worth to mention the diﬀerent homogeneity of the excitations in the both experiments. In
the oven experiment, a homogenizer has been used that the phosphorescence from packed
powder was assumed to stem from homogeneous laser excitation. By contrast, although a
`top hat' proﬁle excitation was applied by using only part of the beam for the measurement
in ﬁgure 5.7, the beam proﬁle in the out-of-plane direction is not uniform, but resembles
a Gaussian proﬁle. The aerosolized particles in the air, therefore, are exposed to various
laser ﬂuence according to the position in the out-of-plane direction. Considering that 15
particles exist in 0.5 mm3 volume in typical seeding density for PIV, the intensity ratio in
one interrogation window size is not resulted from one particle, but many, as also pointed
in [1]; therefore, in ﬁgure 5.7, the eﬀect of the laser ﬂuence was averaged and smoothed
out. A similar investigation was performed in [28], and a temperature increase of 25 K
in laser ﬂuence increase to 80 mJ/cm2 was observed at room temperature, while around
5 K in this study. It is supposed that the inﬂuence of laser ﬂuence will be accentuated
in thinner laser sheet. They used only one cylindrical lens for focusing in [28], thus the
thickness could be estimated roughly around 300 µm in typical divergence of the laser.
The 5% error seems negligible at the ﬁrst glance, but one should keep in mind that the
laser sheet proﬁle varies vertically as a Gaussian function with typical sheet optics. In
the separate measurement with the sheet optics comprised of -50, +150, and +400 mm
cylindrical lenses, ±10K and ±7.5K error were observed in a horizontal and a vertical
direction in the room temperature. At 540K, ±10K error in vertical direction were
present. This error was believed to stem from inhomogeneous laser ﬂuence in the in-
plane direction and overcome with a homogeneous beam. By applying beam with the
spatial inhomogeneity of 7% (one standard deviation), the bias was below ±2K at 295
K.
5.2.3. Eﬀect of seeding density
Multiple scattering of phosphorescence
The existence and its signiﬁcance of multiply scattered light could be conjectured by
seeding the co-ﬂow only and evaluate the signal in the jet region. The tubing of the jet
was carefully cleaned to prevent stuck particles on surfaces from being entrained into the
jet ﬂow. An axially averaged signal proﬁle of single shot with seeding density in co-ﬂow
of 3.96× 1010/m3 is presented in ﬁgure 5.8. Around 8 % of co-ﬂow signal exist in the jet
region for both channels, which was believed to be multiply scattered light from co-ﬂow
region.
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Figure 5.8.: The existence of multiple scattering: an axially averaged 1d proﬁle of signal in the blue and
the red channel. In this single shot, the co-ﬂow seeding density was 3.96 × 1010/m3 and the jet seeding
was turned oﬀ. Around 8 % of co-ﬂow signal exist in the jet region.
To evaluate how strong this eﬀect is, the equation of intensity ratio was revised to
account for the eﬀect as below.
rj =
Sbluepp nj + S
blue
ms nc
Sredpp nj + S
red
ms nc
=
Sbluepp + S
blue
ms /Rsd
Sredpp + S
red
ms /Rsd
(5.2)
here, Spp denotes signal per particle, n seeding density, subscript j and c denotes jet
and co-ﬂow respectively. The superscript blue and red denote the blue and red channels.
It was assumed that the multiple scattering increases linearly with nc and its coeﬃcient
was denoted by Sms. The ratio of nj to nc is denoted as Rsd = nj/nc. Measured data
were used to sample the intensity ratio from 2.4mm × 2.4mm region in the jet core. By
using particle locating algorithm (Section 3.2.3), the seeding densities were drawn. The
jet seeding density was obtained considering the same region with the intensity ratio
sampling. The seeding density for the co-ﬂow was extracted from the area with the same
size, but diﬀerent positions with the jet seeding density sampling. The jet temperature
was 615 K and the co-ﬂow temperature was 310 K. The relation between Rsd and rj
extracted from the measurement is presented in ﬁgure 5.9.
The result shown in ﬁgure 5.9 compelled the measurement technique to control the
seeding density ratio to be larger than two. Including instant measurements with the
seeding density ratio smaller than two shall accompany a systematic error from the mul-
tiple scattering eﬀect.
On the other view, the multiple scattering may imply the possible temperature bias in a
local region. According to the degree of multiple scattering, not only lights from particles
in a position contribute the signal but also lights from particles in the surrounding. If
the temperature in the position and the surrounding diﬀers signiﬁcantly, a bias will occur
especially in the region of fewer particles. Basically, no information should be exploited,
where no particle is.
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Figure 5.9.: The trend of intensity ratio according to the ratio of seeding densities in jet and co-ﬂow.
Data are sampled from 2.4mm × 2.4mm region in the jet core. The jet temperature was 615 K and a
co-ﬂow temperature was 310 K. The ﬁtted curve of the equation is also drawn. Seeding densities were
extracted from the particle location algorithm discussed in Section 3.2.3.
To investigate this eﬀect, the location of each particle in every single shots from a mea-
surement were identiﬁed based on the particle locating algorithm (Section 3.2.3). Based on
this information, the number of particles in each pixel (corresponding to 170µm× 170µm
in measurement volume) could be counted by applying two dimensional histogram. One
can mask pixels by applying minimum number of particles. Then, ensemble average were
obtained applying the mask. The one dimensional radial proﬁles of average temperatures
at the axial position of x=1d with diﬀerent masks are shown in ﬁgure 5.10.
As shown in ﬁgure 5.10, little diﬀerence was observed among the proﬁles with diﬀerent
masks except in the shear layer. In the shear layer, there were mixing between the hot jet
and the cold co-ﬂow that we intentionally controlled as dense in jet and thin in co-ﬂow. By
increasing the particle number for masking, it was more likely to select the temperature
from hot jet than cold co-ﬂow and it has resulted in bias to a high temperature in this
region. Therefore, the bias in shear layer is more likely for the reason stated above rather
than the multiple scattering eﬀect.
Based on this investigation, it can be concluded that (1) the relative seeding density Rsd
should be larger than two in this speciﬁc conﬁguration; and (2) the seeding density should
satisfy the compromise between an acceptable level of multiple scattering and suﬃcient
signal-to-noise ratio. In the measurement in Section 6.1, seeding densities of jet and co-
ﬂow were in the range of 6.3 × 1010 to 1.9 × 1011/m3 and 3.2 × 1010 to 4.7 × 1010/m3,
respectively, fulﬁlling this demand.
Attenuation of phosphorescence
The phosphorescence could be attenuated either by scattering or absorption by the par-
ticles in the optical path from the object plane (laser plane) to the image plane (imaging
sensor plane). If the attenuation occurs diﬀerently for the blue and red channels, the
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Figure 5.10.: Mean radial temperature proﬁles at x/d=1 obtained using 170 x 170 µm wide interrogation
volumes that contained at least 1, 2, or 3 particles, denoted by symbols©: 1, +: 2, : 3. Thermocouple
measurements are denoted by triangles (4). Relative temperature diﬀerences are shown in comparison
to a mean temperature proﬁle where the threshold has been set to zero.
intensity ratio will also be aﬀected.
However, scattering is not expected to be signiﬁcantly diﬀerent in the two channels
because the central wavelengths of blue and red channels are separated approximately 70
nm. Assuming the shape of the particles spherical and the validity of Lorenz-Mie theory,
the scattering eﬃciencies in both channels will be similar based on the size parameter.
Therefore, scattering was not considered any further.
Meanwhile, absorption could attenuate light of the two channels diﬀerently. According
to the excitation spectrum provided by the manufacturer, the absorption spectrum has the
highest peak wavelength around 390 nm and rapidly decreases to 10 % of the peak at 425
nm as shown in ﬁgure 5.11. Therefore, it is likely for the excitation and emission spectra to
Figure 5.11.: Excitation and emission spectra of BAM. The excitation spectra were provided by man-
ufacturer.
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intersect each other especially at high temperature because the emission spectra of BAM
shift towards UV regime with increasing temperature. Accordingly, one can reasonably
suspect that a preferential absorption in the blue channel might happen.
To evaluate the signiﬁcance of preferential absorption, two diﬀerent seeding materials
were seeded in two separate measurements. The jet was seeded with BAM in both cases
to emit phosphorescence in the object plane. At one case, the BAM was seeded in the co-
ﬂow, which was suspected to absorb part of the phosphorescence. At the other case, MgO
was seeded, which does not absorb the phosphorescence. By comparing two cases, one
could estimate the signiﬁcance of preferential absorption. The spatially averaged intensity
ratio in 2.4mm × 2.4mm region in the jet core (at x=0.7d) from each single shot was
sampled. The seeding density in the co-ﬂow was measured from simultaneously measured
Mie-scattering images. The jet was heated to 610 K whereas the co-ﬂow remained at 310
K. The seeding density ratio, Rsd was larger than two. The results are shown in ﬁgure
5.12.
Figure 5.12.: The trend of normalized intensity ratio against the seeding density in the co-ﬂow with
diﬀerent seeding materials. The jet temperature was 610 K and the co-ﬂow temperature was 295 K.
The averaged ratio from 2.4mm× 2.4mm region in the jet core and the number of particles in the same
size in the co-ﬂow from each single image were sampled. The data were binned in the size of 7.9e9 and
the mean (denoted by symbols) and standard deviation (denoted by bars) are graphed. The samples are
conditioned with Rsd > 2.
As shown in ﬁgure 5.12, in MgO case (denoted by circles), the normalized intensity
ratio was almost independent of the seeding density of the co-ﬂow. As a contrast to MgO
case, the normalized intensity ratio decreased apparently around 10 % at seeding density
of 1.2 × 1011/m3 in BAM case. This diﬀerence may imply the presence of preferential
absorption by BAM particles. However, it should be mentioned that the trend shown in
ﬁgure 5.12 could be explained not only by preferential absorption but also by multiple
scattering. In the case of BAM, emission from BAM particles presented in cold co-ﬂow
region is multiply scattered to the jet region to lower the intensity ratio. This would not
happen in MgO case since no luminous particle were present in the cold co-ﬂow region.
67

Chapter 6.
Validation of measurement technique
In this chapter, the reliability of the thermographic PIV is demonstrated by comparing
the present result with the previous studies on an axisymmetric jet. The results of studies
concerning the near-ﬁelds of the jet were directly compared or the tendencies extracted
from the results were compared with the present results. The limitation of the measure-
ment technique or diﬀerent measurement conditions, such as Re, the density ratio of the
jet and the ambient, were suggested to account for the discrepancies between the previous
studies and the present one. Furthermore, by contrasting the studies concerning far-ﬁeld
of the jet, which are regarded as references widely, and the present study, the trend to
the self-preservation could be clearly seen.
6.1. Background of axisymmetric jet
The round jet has been a canonical conﬁguration that played an important role to un-
derstand fundamentals of ﬂuid dynamics. Theorists were attracted by its mathematical
simplicity from axisymmetry and the applicability of the boundary layer approximation.
Furthermore, after assuming self-preservation, the partial diﬀerential equation reduces to
the ordinary diﬀerential equation. Not only having the mathematical reasons, it also has
a broad range of practical applications, such as burners, chimneys and stacks. Therefore,
it has been thoroughly investigated during the last decades, and thus, an extensive volume
of experimental, numerical, and analytical studies exist, e.g. [12, 21, 32, 40, 41, 71, 92]
to name just a few. By the former studies on the round jet, abundant and reliable data
to compare with the result of the present study were assured. Additionally, an absence
of conﬁning walls, which usually cause spurious background signals in optical measure-
ment technique, were another reason for applying the developed measurement technique,
minimizing experimental complexity.
Far-ﬁeld Applying the self-preservation (or similarity) to a phenomenon, which means
assuming the presence of one proﬁle of a quantity and applying it to the whole region after
suitable normalization with local quantity, makes the phenomenon immensely tractable
as applied to laminar boundary layer theory by Blasius. An example of more physical
insight of self-preservation could be found in [32] as follow:
Self-preservation implies that the ﬂow has reached a kind of equilibrium where all of
its dynamical inﬂuences evolve together, and no further relative dynamical readjustment
is necessary.(39 page of [32])
69
Chapter 6. Validation of measurement technique
Applicability of self-preservation to the round jet has been an interest of the ﬂuid
dynamics society and investigated by many researchers. The classical approach to the
self-preservation of round jet is assuming (1) the presence of one proﬁle of a ﬂow quantity
e.g., velocity, turbulence intensity, in the far-ﬁeld, (2) that the jet is issuing from one
point source of momentum and thus (3), the jet spreads and decays in the same rate. As
a consequence, the characteristic scales, such as centerline velocity and turbulence inten-
sity, should converge asymptotically to a universal value for all jets, independent on initial
states [32]. Early experimental work in 1940-50s succeeded to show the self-preserving
axial mean velocity proﬁles some few diameters downstream but failed for the turbulence
intensity. This failure motivated the work of Wygnanski & Fiedler [92], and they demon-
strated self-preserving mean velocity, turbulence stresses, integral length scales, and the
triple velocity correlations etc. However, it was found that the results of Wygnanski &
Fiedler do not satisfy the momentum conservation, maybe because of the recirculation
of the ﬂow from the conﬁnement. Hussein et al. [40] and Panchapakesan & Lumley [71]
performed similar experiments with Wygnanski & Fiedler, but in a large conﬁnement and
demonstrated the results that satisﬁed the momentum conservation equation. Now their
results are regarded reliable for the turbulent round jet in the far-ﬁeld.
The self-preservation in the jet is well summarized in 5 of [69], and the round jet
with a high Reynolds number (104, roughly) is regarded as being self-preserving beyond
the developing region (x/d>30, roughly) according to the same reference. Interestingly,
beyond the developing region, not only the mean and rms ﬂuctuation of the velocity and
the scalars, but also the Reynolds stresses, turbulent kinetic energy, turbulent diﬀusivity,
integral length scales and etc. are self-preserving.
Mathematical formulations, which are largely based on [69], are provided to give general
concept of self-preservation. Regarding a quantity, Q(x, r), suitable characteristic scales
Q0(x) and δ(x) exist that the independent variable r and dependent variable Q are scaled
as
γ ≡ r
δ(x)
,
Q˜(γ, x) ≡ Q(x, r)
Q0(x)
when the function Q˜ is independent on x, or a function Q̂ exists that satisﬁes,
Q˜(γ, x) = Q̂(γ),
then, the function Q(x, r) is said to be self-preserving. Furthermore, the local character-
istic scales, Q0(x) and δ(x) usually exhibit the power-law dependence on x.
The centerline axial velocity, 〈U〉0(x) and the jet's half width, r 1
2
(x) are used for the
scaling of the mean axial velocity 〈U(x, r)〉. Here, 〈U〉0(x) = 〈U(x, 0)〉 and 〈U(x, r 1
2
(x))〉 =
1
2
〈U〉0(x). The proﬁle of scaled axial velocity is self-preserving, that is,
〈U(x, r)〉 = 〈U〉0(x)Û( r
r 1
2
(x)
)
For the passive scalar, the normalized temperature Θ was used in this study.
Θ =
T − Tc
Th − Tc
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, Th is the centerline temperature at jet exit and Tc is the temperature of co-ﬂow. Th
and Tc in diﬀerent Re are summarized in table 3.1. As characteristic scales of Θ, the
centerline scalar, 〈Θ〉0(x) and the jet's half width based on average scalar proﬁle, r 1
2
,θ(x)
were used. Here, 〈Θ(x, r1/2,θ(x))〉 = 12〈θ〉0(x). The proﬁle of the scaled temperature is
self-preserving, that is,
〈Θ(x, r)〉 = 〈Θ〉0(x)Θ̂( r
r 1
2
,θ(x)
)
The characteristic scales should follow the power-law, more speciﬁcally,
〈U〉0(x)
U0
=
B
(x− x0)/d
here, U0 = 〈U(0, 0)〉 is the jet bulk velocity, B is an experimental constant, and x0 is a
virtual origin, which is also determined experimentally.
〈Θ〉0(x)
Θ0
=
Bθ
(x− x0,θ)/d
here, Θ0 = 〈Θ(0, 0)〉. Bθ is an experimental constant, and x0,θ is a virtual origin based
on the scalar ﬁeld. While the 〈U〉0 and 〈Θ〉0 depend on 1/x, the jet's half widths linearly
depend on x,
r1/2(x) = S(x− xo)
r1/2,θ(x) = Sθ(x− xo,θ)
here, S and Sθ are experimental constants.
While the classical approach assumed a single self-preserving state in the far-ﬁeld for
all diﬀerent jets, George [32] proposed in his theoretical analysis the possible multiplicity
of a self-preserving state dependent on the initial state. He argued that the shape of
proﬁles should match each other for all self-preserving jets, but the scale factors may
diﬀer from each other. He attributed the scatter of asymptotic value of scale factors in
various experiments to this multiplicity. Therefore, the studies in the developing region
were attempted to investigate the eﬀect of the initial state on the self-preservation on
one hand, and to understand the dynamics of transition to the self-preservation in each
condition on the other hand.
Near-ﬁeld Some of the previous studies investigated the inﬂuence of various initial con-
ditions, such as, Re, density ratio, jet outlet proﬁle, on the development of the round jet.
Russ & Strykowski [76] adjusted the boundary layer thickness in the jet outlet issuing
from a smoothed nozzle by using diﬀerent length of the extension ring. They observed
the delayed momentum mixing with the increasing boundary layer thickness. Similarly,
they also increased the turbulence intensity by positioning a turbulence grid after the
extension ring and showed the delay of mixing with increasing turbulence. In addition,
they adjusted the density by heating the ﬂow and observed fast mixing in low density
ratio. They argue that the increase of the boundary layer thickness and the turbulence
suppressed the instability to form a vortex, hence the mixing in the near-ﬁeld was de-
graded, while a low density ratio increased the instability and raised the mixing rate.
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Amielh et al. [5] investigated the eﬀect of density ratio and Re by using diﬀerent gases
of Helium, air and CO2. The enhanced mixing rate was also observed in low density and
increased Re, but the eﬀect of the density was stronger than the Re. Papadopoulos &
Pitts [66] investigated the eﬀect of Re by mixing diﬀerent ratios of propane and methane
and observed rapid mixing in low Re. Boersma et al. [12] performed a DNS in a jet of
Re 2400, issuing from a smoothed nozzle, and justiﬁed their result by comparing far-ﬁeld
results with the ones of the experimental references. They compared self-preservations of
jets issuing from the top-hat proﬁle (from smoothed nozzle) with the proﬁle of a second
polynomial and concluded the dependence of self-preservation on initial state, which is
as well supporting the argument of [32]. After that, Mi et al. [41] measured the passive
scalar ﬁelds (temperature) of the jets from the smoothed nozzle and the long pipe and
demonstrated the dependence of self-preserving state on the initial state. Some of the
previous studies are summarised in table 6.1.
Governing equation Turbulent ﬂows are solved statistically. The nature of the tur-
bulence is random, thus predicting the instantaneous velocity and scalar is not realizable.
The instantaneous variables are decomposed to mean and ﬂuctuation, which is called as
Reynolds decomposition.
U = 〈U〉+ u,
V = 〈V 〉+ v,
Θ = 〈Θ〉+ θ,
here, upper letters denote instantaneous values, lower letters ﬂuctuations, and 〈〉 means
ensemble averaging. In the following analysis, an ensemble average is regarded as the
mean. Substituting instant variables in Navier-Stokes equation results in Reynolds equa-
tion, and in addition, for a round jet ﬂowing into a quiescent ambient, the Reynolds
equation might be more simpliﬁed by applying the boundary layer approximation as1,
〈U〉∂ρ〈U〉
∂x
+ 〈V 〉∂ρ〈U〉
∂r
=
ν
r
∂
∂r
(
r
∂ρ〈U〉
∂r
)
− 1
r
∂
∂r
(rρ〈uv〉) . (6.1)
The corresponding continuity equation is,
∂ρ〈U〉
∂x
+
1
r
∂
∂r
(rρ〈V 〉) = 0. (6.2)
Lastly, the equation for conserved scalar is,
〈U〉∂ρCp〈Θ〉
∂x
+ 〈V 〉∂ρCp〈Θ〉
∂r
=
k
r
∂
∂r
(
r
∂ρCp〈Θ〉
∂r
)
− 1
r
∂
∂r
(rρCp〈vθ〉) . (6.3)
6.2. Results and discussion
This study measured the velocity and the temperature quasi-simultaneously in the devel-
oping region of a heated round jet, which covers axial distance from 1 to 15 jet diameter.
1Detail derivation is found in page 111- 114, 161 of [69]. The equation of conserved scalar is transformed
to cylindrical coordinate.
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Table 6.1.: Overview of previous studies on the eﬀect of initial state on the jet
development
Range [d] Nozzle Re
Density
ratio
Meas. Method
Boguslawski
1976 [13]
0 - 12 P U=20,30,49 1 V HWA
Birch
1978 [20]
0 - 70 P 16000 CH4(0.55) C RS
Lockwood
1980 [55]
0 - 50 P 50000 0.54
(heating)
T Th
Pitts
1991 [68]
10 - 30 P 3950
7890
0.14,0.55
1.02,1.55
3.01,5.11
C RLS
Russ
1993 [76]
0 - 10 N 10000 0.5-1.0
(heating)
V
T
HWA
Th
Amielh
1995 [5]
0 - 25 P 7000
21000
32000
He (0.14)
air(1)
CO2(1.4)
V LDA
Papadopoulos
1998 [66]
0 - 30 P 3300 -
23000
propane +
methane
V
C
HWA
RLS
Weisgraber
1998 [91]
15 - 30 N 5500
160 00
1 V DPIV
Boersma
1998 [12]
0 - 42.5 N,P 2400 1 V DNS
Mi
2001 [41]
0 - 70 N,P 16000 0.85 T CWT
Fellouah
2009 [26]
0 - 28 N 6000
10000
30000
1 V HWA
Nozzle: P, Pipe; N, smoothed nozzle; Meas: V, velocity; C, concentration; T,
temperature; Method : HWA, hot wire anemometry; RS, Raman scattering; Th,
thermocouple; RLS, Rayleigh light scattering; LDA, laser doppler anemometry;
DPIV, digital particle image velocimetry; DNS, direct numerical simulation; CWT,
cold wire thermometry.
Here, the self-preservation is not yet achieved, but the readjustment of the ﬂow to the
ambient is ongoing. A comparison with the values in self-preserving region, however, will
provide some clues to understand the development of the jet in this region.
6.2.1. Inlet condition
As shown in ﬁgure 3.5, a long straight pipe (>30d) was used in this study, such that the
fully developed pipe ﬂow was expected at the jet exit. The radial proﬁle of 〈U〉/〈U〉0
and u′/〈U〉0 at x = 0.5d are shown in ﬁgure 6.1. As shown in the left of ﬁgure 6.1, the
radial proﬁle of 〈U〉/〈U〉0 matched fairly well with the one of fully developed pipe ﬂow,
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Figure 6.1.: The proﬁle of 〈U〉/〈U〉0 and u′/〈U〉0 at x = 0.5d.Here, 〈U〉0 = 36.4m/s at Re 6400 case,
73.4 at Re 12800 case. See also table 6.2.
(1−r/R)1/n, here, n was 6.5. The proﬁles of many studies, e.g. [41], that used a long pipe
matches well with the proﬁle, as they measured close enough to the jet exit. In this study,
however, the nearest measured position was x=0.5d, therefore the proﬁle was smoothed
slightly due to the mixing with the co-ﬂow. As shown in the right of the ﬁgure 6.1, the
turbulent intensity at the centerline was around 5-6 % close to the result from [41] and
[66], which was 3-4 %. The mean scalar proﬁle, as illustrated in the right of ﬁgure 6.2,
Figure 6.2.: The proﬁle of 〈Θ〉/〈Θ〉0 and θ′/〈Θ〉0 at x = 0.7d.Here, 〈T 〉0 = 616K,Th = 616K,Tc = 315K
at Re 6400 case, 623, 622, 310 at Re 12800 case. See also table 6.2.
was ﬂatter than the mean axial velocity proﬁle, as heat is transported faster than the
momentum. The θ′ displayed similar shape with u′, but slightly smaller value. From the
proﬁles of 〈U〉, u′ at x=0.5d and 〈Θ〉, θ′ at x=0.7d, the fully developed pipe ﬂow at jet
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exit can be reasonably assumed.
6.2.2. Mean
When the jet develops absorbing the ambient air (entrainment) and being mixed with
the ambient, various factors, such as Re and density ratio, aﬀect this process, especially
in the near-ﬁelds. In ﬁgure 6.3, the eﬀect of the Re on the jet decay is illustrated ﬁrst
based on mean axial velocity at jet center. It clearly indicated that the jet decays faster
in the case of low Re of 6400 than the case of high Re of 12800. The same tendency
has been found in the study of Papadopoulos [66]. He attributed the eﬀect of Re on the
decay to the amount of initial turbulence. In the jet issuing from the smoothed nozzle,
the large eddies generated by the instability are the main source of turbulent mixing
in the near-ﬁeld. However, in the jet issuing from a long pipe as in this study, various
scales of the turbulence exist in the jet exit and therefore the initiation of the large
coherent structure is suppressed further downstream [41, 66, 76]. As a consequence, the
high turbulence intensity in the low Re accelerated the turbulent mixing in the near-ﬁeld.
At x=15d downstream, the two cases were superimposed, which implies an approach of
Figure 6.3.: Decay of axial mean velocity at the jet centerline, 〈U〉0/U0.
the mean axial velocity in the centerline to the self-preservation. However, compared to
the results of Papadopoulos [66], the decay of the jet in this study seems to be slowed
downstream, especially at x=15d. In this position, the axial velocity is low and the eﬀect
of the uncontrollable ﬂow in the laboratory is suspected to aﬀect the result. Furthermore,
a ventilation duct was used to suck in the air with phosphor particles to prevent them
from ﬂoating in the laboratory. This eﬀect may explain the relatively high velocity at the
downstream position.
In ﬁgure 6.4, the eﬀect of the density on the jet decay is displayed. In the work of
Amielh [5], they used He, air and CO2 jets to the co-ﬂowing air (density ratio of 0.14,
1, 1.2 repectively) to investigate the density ratio eﬀect. As observed in ﬁgure 6.4, low
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Figure 6.4.: Decay of axial mean velocity at the jet centerline, U0/〈U〉0.
density jets decay faster. In this study, the jet was heated to about 615K, and the density
ratio was around 0.5. It is evident that the result of this study presented is within the
range of the previous study.
Figure 6.5.: Decay of axial mean scalar at the jet centerline, 〈Θ〉0/Θ0.
The decay of the mean scalar at the jet centerline is shown in ﬁgure 6.5. Similar to
the decay of axial mean velocity, the mean scalar in the low Re case decays faster than
the high Re case. However, the mean scalar decays much faster in x=4d downstream
than the momentum (see ﬁgure 6.3), as also reported in Pietri et al. [67]. They observed
the similar tendency by comparing centerline rms values and proposed that the diﬀerent
boundary conditions between velocity and temperature might cause the behaviour. While
the boundary condition of the velocity (no-slip condition at wall in the tube and virtually
76
6.2. Results and discussion
stationary co-ﬂowing air) does not change signiﬁcantly after exciting the tube, but the
one of the temperature changes signiﬁcantly; wall temperature in the tube is generally
much higher than the co-ﬂow temperature. Additionally, a faster energy transfer than
momentum transfer could account for the tendency partly. Compared to the results of
Lockwood [55], the result of this study appears to decay earlier in the upstream. In [55],
the Re was higher than in this study (Re 50,000) and delayed the decay of the jet in
[55]. Furthermore, they heated the pipe such that the mean temperature proﬁle at jet
exit was more uniform than this study, and it took a longer time for the ambient air to
penetrate into the jet center. The tube was not heated nor insulated in this study. At
further downstream, 〈Θ〉0/Θ0 and 〈U〉0/U0 matched each other very well (compare ﬁgure
6.3 and 6.5 and see table 6.2).
Table 6.2.: Streamwise evolution of mean axial velocity and scalar at jet center and jet half widths.
x
〈U〉0
U0
〈Θ〉0
Θ0
r 1
2
[mm] r 1
2 ,θ
[mm] Rel =
〈U〉0r1/2
ν(T (x)) 〈U〉0
[m/s]
〈T 〉0
[K]
Th
[K]
Tc
[K]
Re 6400 1d 1.00 1.00 7.35 8.02 9670 36.7 615.5 615.5 315
4d 0.89 0.77 7.09 8.79 10500 33.4 545.6 615.5 300
8d 0.54 0.53 10.66 13.48 12680 20.6 467.3 615.5 295
15d 0.30 0.32 19.13 23.19 16270 11.1 397.5 615.5 295
Re 12800 1d 1.00 1.00 7.46 8.15 19390 73.4 622.9 621.5 310
4d 0.94 0.93 7.02 8.41 18580 70.2 599.9 621.5 300
8d 0.59 0.62 9.76 12.19 23088 45.8 498.6 621.5 295
15d 0.30 0.31 18.86 23.00 32810 22.5 394.9 621.5 295
Tc: co-ﬂow was heated unintentionally by the heat transfer from the pipe for the jet. Entrainment of
unheated laboratory ambient was observed from x=4d position. Therefore, the co-ﬂow temperature to
calculate normalized temperature, Θ was varied as shown in the table.
Figure 6.6.: Mean proﬁles of axial velocity, 〈U〉/〈U〉0. See table 6.2 for absolute values.
In ﬁgure 6.6, the radial proﬁles of mean axial velocities in diﬀerent downstream positions
are shown. The proﬁles show a reasonable symmetry. Furthermore, except the position at
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x=1d, all proﬁles are in good accordance with the proﬁle of self-preservation, e
−0.683 r
r1/2
2
.
It could be assumed that the radial proﬁle of the mean axial velocity reaches the self-
preservation early upstream compared to other variables, such as turbulence intensity
and Reynolds stresses, which will be shown in the following. The similar tendency with
the mean axial proﬁle of the scalar is indicated in ﬁgure 6.7. Here, the co-ﬂow temperature
to calculate normalized temperature, Θ was varied as shown in the table 6.2. Co-ﬂow was
heated unintentionally by the heat transfer from the pipe for the jet and entrainment of
unheated laboratory ambient was observed from x=4d position.
Figure 6.7.: Mean proﬁles of scalar, 〈Θ〉/〈Θ〉0. See table 6.2 for absolute values.
From these proﬁles, the jet half width from the mean axial velocity, r 1
2
and from the
mean scalar, r 1
2
,θ were calculated and summarised in ﬁgure 6.8. The jet of the low Re
Figure 6.8.: Jet half width based on 〈U〉 and 〈Θ〉.
case spreads faster than within the high Re case and it was clearly observed for the both
r 1
2
and r 1
2
,θ in x=8d position. However, at the x=15d position, the diﬀerence between
low and high Re case was invisible. Both scales based on 〈U〉 and 〈Θ〉 were laid in good
agreement with the previous studies.
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6.2.3. Root mean square
Some of the eﬀects on jet development were observable with mean proﬁles in the previous
section, and a similar investigation through rms values is presented in this section. In
ﬁgure 6.9, the rms of the normalized scalar at jet centerline, θ′/〈Θ〉0 depending on the
axial position are shown. Generally speaking, it is apparent that the jet was approaching
Figure 6.9.: Streamwise evolution of rms of normalized scalar at jet center.
to the asymptotic value of 0.22 ([41]) or 0.21([55]) in the self-preserving state, but did not
reach it yet. Compared to the previous studies, the rms of the present study at x=1d were
larger than the result from Lockwood & Moneib [55] and Mi et al. [41]. Because the tube
was heated in both studies, the scalar proﬁles were more homogeneous than within this
study, and thus, the rms of the scalar was also very low (less than 5e-3) in their studies.
However, in this study, there was a heat transfer between the heated jet and the tube,
and thus, the rms value were relatively large. Furthermore, the higher Re of [55] (50,000)
and higher density ratio of [41] (0.85) than within this study delayed the decay and hence
the mixing in the centerline further downstream. In the contrary, the jet in the study of
Pitts [68] appears to decay much faster than this study and reached the self-preservation
upstream. This eﬀect could be attributed to the low Re of 3950 in his work. The result
of this study showed a good agreement with the work of Birch et al. [20] who used a
methane jet into air co-ﬂow (density ratio 0.5) and Re of 16,000, which are quite similar
with this study.
An interesting point was found in ﬁgure 6.9 when observing x=4d and 8d positions
particularly. In low Re case, a local maxima (`hump') existed at x=4d, while no hump
was observed in the high Re case. This is inconsistent with [41]. They investigated the
eﬀect of diﬀerent jet exit velocity proﬁles (top-hat from smoothed nozzle and one from
long pipe) on the jet development. First, they reviewed previous studies, separated the
works with smoothed nozzle and long pipe and compared them. They found a 'hump' of
normalized rms of scalar only in the jet issuing from the smoothed nozzle, but not in the
jet issuing from the pipe. Furthermore, they conﬁrmed this with their own experiment.
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Thus, a jet issuing from the long pipe is not expected to have a hump in the normalized rms
of the scalar, which was the case in low Re of this study. The low Re might be a plausible
explanation for the 'hump' in our observation, because all Re in the work reviewed in [41]
(including their own experiment) were larger than 16,000, with the exception of one case.
However, the speciﬁc mechanism invoking the 'hump' in the low Re were out of the scope
in this study. Additionally, the normalized rms of scalar increased more rapidly in the high
Re case than the low Re case downstream, x>4d. The transition of turbulence proposed
by Dimotakis [22] might explain this. According to him, fully developed turbulence can
not sustain below Re of 1-2e4, which might separate the diﬀerent Re cases investigated
in this study (see local Re in table 6.2). In low Re, although fast mixing for the low Re
upstream (x<4d) was achieved, but it could not be sustained, thus the mixing in the high
Re case became faster that the one in low Re.
Figure 6.10.: Radial proﬁles of normalized rms of axial velocity, u′/〈U〉0.
In ﬁgure 6.10 and 6.11, radial proﬁles of normalized rms of axial and radial velocities at
diﬀerent axial positions are shown. The overall evolution of radial proﬁles downstream was
in good agreement with Amielh et al. [5], who measured velocity ﬁelds of un unheated
air jet (density ratio, 1) using Laser Doppler Anemometry. In [5] and this study, an
intense peak at x=1d or 2d position existed for the high shear between jet and co-ﬂow.
The ﬂow in these positions is close to the fully developed pipe ﬂow and keep on adapting
itself to the changed boundary condition, therefore the shape is much diﬀerent to the
self-preservation one. This intense peak was gradually weakened downstream, and the
position of the peak moved closer to the jet center. The radial proﬁles of normalized rms
of the velocities appear to have almost approached the self-preservation at x=15d, but
not yet completely, especially in Re 6400 case. Unfortunately, in the high Re case, an
eﬀect of an uncontrolled experimental boundary condition is suspected to cause higher
intensity than expected self-preserving state. However, its eﬀect on the general ﬁndings
of the present context is minimal. The development of the jet in [5] is expected to be
slower than this study for the higher density ratio, thus at x=15d, the jet appears to be
less developed than within the present study. The similar ﬁndings were applied to the
rms of radial velocity in ﬁgure 6.11.
In the left of ﬁgure 6.12, the radial proﬁles of the normalized rms of scalar at diﬀerent
downstream are shown with the results of Lockwood & Moneib [55] and the proﬁle of
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Figure 6.11.: Radial proﬁles of normalized rms of radial velocity, v′/〈U〉0.
self-preservation from Panchapakesan [72]. Similar with the tendency of the rms of the
velocity components, the normalized rms of the scalar showed an intense peak at x=1d,
which were gradually smoothed. The similar observation was found in [55], although they
did not show the result early upstream. Thus, no distinct peak was observed. The proﬁle
approached to the self-preservation as another variables, but has not reached it yet. The
shape of the proﬁle at x=15d, however, is diﬀerent with the one of velocity component.
While the scalar rms proﬁle has a rather outstanding peak around r/r 1
2
=0.8, the velocity
rms proﬁle has vague peak close to the jet center.
It has been common in a measurement of rms value to separate the ﬂuctuation from the
turbulence and the one from a measurement uncertainty, e.g., [53]. In the present study
the camera error was regarded as a main source of error, and the error estimation based
on the error propagation was given in equation 3.1. By using average signal and measured
calibration curve, expected camera error, σT was calculated, and a corresponding rms of
scalar, σθ was calculated by dividing σT with (Th−Tc). Assuming no correlation between
the camera error and ﬂuctuations by turbulence, the measured rms of scalar σm is
σ2m = σ
2
θ + σ
2
t , (6.4)
similar to equation 5.1. Here, σ2t is the variance by the turbulence. One can reasonably
argue that the rms of 2 % in co-ﬂow region at x=1d in ﬁgure 6.12 is mainly coming
from camera error in a ﬁrst glance. In low temperature, the signal in the blue channel
is relatively week and a strong camera error is likely to occur. However, as evident in
the right of ﬁgure 6.12, the contribution of the camera error based on our estimation was
not signiﬁcant. Therefore, it is more reasonable to accept the measured ﬂuctuations were
coming from the turbulence. Unintentional heating of the co-ﬂow to around 315 K by
the hot tube can account for the scalar ﬂuctuations. The heated air induced the natural
convection in the nozzle of the co-ﬂow and hence the amount of ﬂuctuation there.
6.2.4. Two point spatial correlation and integral length scales
Based on the assumption of stationary, homogeneous, and isotropic turbulence, mean-
ingful scales of turbulence could be extracted by two-point spatial correlation [69]. The
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Figure 6.12.: Radial proﬁles of normalized rms of scalar, θ′/〈Θ〉0. The red solid line denotes normalized
scalar ﬂuctuation considering the camera error, σt in equation 6.4.
measurement of the spatial correlation, however, is limited to the ﬁeld of view of the
measurement. The longitudinal distance of the ﬁeld of view in this study was shorter
than the lateral one, although the longitudinal correlation in a jet is typically around two
times longer than the lateral one. Therefore, only the lateral correlation is considered in
the following. The lateral correlation of axial velocity is deﬁned as,
Ruu,2(x, r, s) =
〈u(x, r)u(x+ s, r)〉
u′(x, r)u′(x+ s, r)
. (6.5)
The correlations calculated by equation 6.5 are shown in ﬁgure 6.13. It was apparent
Figure 6.13.: Lateral two-point spatial correlations of axial velocity, Ruu,2.
from ﬁgure 6.13, that in most cases the diﬀerent Re has little aﬀected on the correlation.
This was predicted because the correlations are linked to the size of most energetic or
largest eddies. The size of the largest eddies are more linked to the jet half width [92],
which are very similar between diﬀerent Re (See table 6.2). By integrating the correlation,
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the lateral integral length scale, L2 is obtained. The correlation was integrated until the
correlation value became 0.05.
L2(x, r) =
∫ s1
0
Ruu,2(x, r, s)ds
here, Ruu,2(x, r, s1) = 0.05. The integral length scales extracted from the correlations
are summarized in ﬁgure 6.14 and table 6.3. Wygnanski & Fielder [92] reviewed former
Figure 6.14.: Lateral integral length scales at diﬀerent radial positions, r=0, 0.5, 1, 1.5r 1
2
. See ﬁgure
6.13 for the notation.
studies on the integral length scales in the near-ﬁelds and also measured the scale in the
self-preserving region. According to them, in the near-ﬁelds, the integral length scale
normalized with r 1
2
increases rapidly in the mixing layer, but the increase is decelerated
and even decreased in the far-ﬁelds and approaches to the self-preserving state. These
ﬁndings are also evident from the result of this study. In ﬁgure 6.14, the integral length
at r=r 1
2
was rapidly increased from x=1d to 4d position, which indicated that the integral
scale grow rapidly in mixing layer of near-ﬁelds. (r 1
2
did not increase much in this range,
see table 6.2). In further downstream, the shape was being adjusted towards the one of
the self-preservation, however, did not reach it. The ratio of the size of the largest eddy
to the jet half width, L2/r 1
2
was bigger than the asymptotic value. These are illustrated
in ﬁgure 6.15. Values are normalized with the one from the self-preservation (0.16 at r=0
and 0.3 at r=r 1
2
) from [92]. This might be interpreted as the jet was not spread enough,
considering size of largest eddy. Another observation, that the integral length scale was
developing to self-preservation, is the ratio of the scale at center to the scale at mixing
length. From [92], the value is 0.53 and it could be observed that the measurement in
this study was approaching to the value as shown in ﬁgure 6.16.
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Figure 6.15.: Streamwise evolution of scaled lateral integral length scales,L2/r 1
2
at jet center (r=0) and
mixing layer(r=r 1
2
). Normalized with asymptotic value from Wygnanski, 0.16 at r=0 and 0.3 at r=r 1
2
Second order moments
In the momentum and energy equation, the terms 〈uv〉, 〈vθ〉 represent the transport
of momentum and energy by turbulence and are denoted by Reynolds shear stress and
turbulent scalar ﬂux. The measured Reynolds shear stress in this study is shown in ﬁgure
6.17. A similar observation from u′,v′,and θ′ were found. The eddies generated by strong
shear force in upstream were represented by the intense peak at x=1d position, and the
peak were moderated with smoothed radial gradient of axial mean velocity in downstream.
The shift of the peak to the center stems from the interaction of generation of the eddies by
Figure 6.16.: Integral length scale ratio at jet center (r=0) and mixing layer(r=r 1
2
).
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Table 6.3.: Summary of lateral integral length scales
L2 [mm]
x r=0 r=0.5r 1
2
r=r 1
2
r=1.5r 1
2
Re 6400 1d 1.66 1.87 1.64 1.04
4d 2.35 1.90 2.63 2.87
8d 2.75 2.74 3.58 3.63
15d 4.08 4.82 6.57 6.98
Re 12800 1d 1.53 1.80 1.45 1.04
4d 2.01 1.91 2.63 2.59
8d 2.72 2.75 3.60 3.78
15d 5.16 4.77 6.43 7.75
Figure 6.17.: Radial proﬁles of normalized Reynolds stress. See ﬁgure 6.13 for the notation.
shear force, transport, and the dissipation by viscosity. While adjusting to the boundary
condition of quiescent ambient, the proﬁles approaches to the self-preserving one, but not
reached it yet.
To demonstrate the goodness of the measurement, one can use mean and Reynolds
normal stresses to calculate Reynolds shear stress with following equation, assuming that
the ﬂow has reached the self-preservation. Several studies e.g., [40], [71], also used this
method.
〈uv〉
〈U〉20
=
1
η
〈U〉
〈U〉0
η∫
0
〈U〉
〈U〉0η
′dη′ + η
(〈u2〉 − 〈v2〉
〈U〉20
)
(6.6)
here, η = r/x. In ﬁgure 6.17, calculation of 〈uv〉 in x=15d position considering only the
mean velocity and mean and normal stresses are shown. In low Re case, the calculation
with turbulence showed good agreement with the measurement. In high Re case, however,
the measurement showed large discrepancy with the proﬁle of self-preservation and also
with the calculations. It is suspected that the uncontrolled boundary condition aﬀected
the high Re case, therefore, the data in the low Re case was regarded as more reliable.
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Figure 6.18.: Radial proﬁles of normalized scalar ﬂuxes. See ﬁgure 6.13 for the notation.
The scalar ﬂuxes are shown in ﬁgure 6.18. Similar development to the Reynolds shear
stress were observed. The axial ﬂux was larger than the radial one, and the peak of the
axial ﬂux were closer to the center than the radial one. Pietri et al. [67] measured the
scalar ﬂux in a heated round jet by cold wire and laser Doppler anemometry and the
results are shown together in ﬁgure 6.18. When compared to their results, a very similar
tendency was indicated, but the jet in their work appears to develop slower. This might
be attributed to their higher density ratio (0.95) compared with this study. Chevray and
Tutu [70] measured the scalar ﬂux at x=15d position and show good agreement with the
case of low Re in this study. Again, however, high Re case show a slightly lager scatter.
Comparing to the proﬁle of self-preservation from [72], it could be accepted that the
scalar ﬂuxes did not reach the self-preservation. In this study, the mean proﬁle reached
the self-preservation ﬁrst, and the second momentum appeared to reach in the last.
6.2.5. Turbulence models
A closure problem exists in solving the equations 6.1 - 6.3. Four unknowns, 〈U〉, 〈V 〉,
〈uv〉, and 〈vθ〉 present in given three equations. To close 〈uv〉, and 〈vθ〉, various models
of turbulence have been developed, and the turbulent-viscosity and the gradient-diﬀusion
models among them are here introduced.
By the turbulent-viscosity model, the Reynolds shear stress in a shear ﬂow is expressed
as,
〈uv〉 = −νt∂〈U〉
∂r
, (6.7)
here νt is called turbulent viscosity or eddy viscosity. Similarly, the scalar ﬂux is expressed
as gradient of mean scalar,
〈vθ〉 = −αt∂〈Θ〉
∂r
(6.8)
These simple models would have been implemented in various ﬂows, if they could pre-
dict the turbulent transports accurately in applied ﬂows. Unfortunately, however, their
predictions generally deviate from the correct solutions in the most of the cases. The
inaccuracy of the models stems from the assumption that the models have. Basically,
the turbulent-viscosity model is an analogy to the molecular diﬀusion in Newtonian ﬂuid,
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and the gradient-diﬀusion to the Fick's law of molecular diﬀusion (or Fourier's law of
thermal diﬀusion). If the eddies behave similarly to molecules, the analogy would success.
However, while the molecules adapt fast to the imposed straining, the eddies persist and
need time to adapt to it. This is the reason why the performance of the model is poor in
the most of the ﬂows.
The model, nevertheless, is justiﬁed in simple shear ﬂow e.g., jet ﬂowing into quiescent
ambient because the ﬂow does not experience the rapidly changing boundary conditions.
In this condition, local generation and dissipation are comparable and non-local transports
is negligible. Therefore, the local gradient of the mean could be related with the Reynolds
stress or scalar ﬂux [69].
After calculating the radial gradient of mean axial velocity, ∂〈U〉
∂r
, the turbulent viscosity,
νt could be extracted by dividing the 〈uv〉 with the gradient (equation 6.7). The radial
gradients of axial mean velocities are shown in ﬁgure 6.19. The same property measured by
Pietri et al. [67] at x=4d and 15d positions are shown together. The measurements show
general agreement with the present results. The central diﬀerence scheme was applied
Figure 6.19.: Radial gradients of mean axial velocities.
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directly to the measured mean proﬁle except x=15d position. At the position, the mean
proﬁles were ﬁrst ﬁtted with the one of self-preservation, and then the mathematical
diﬀerentiation was applied. The numerical diﬀerentiation generated too large error to
deduce meaningful interpretation in the position. The normalized turbulent diﬀusivity
with center velocity and jet half width, νt/〈U〉0r1/2 are shown in ﬁgure 6.20. In equation
Figure 6.20.: Normalized turbulent viscosity, νt/〈U〉0r1/2. See ﬁgure 6.13 for the notation.
6.7, both 〈U〉 and 〈uv〉 are self-preserving in far-ﬁeld, thus νt is evidently self-preserving
in far-ﬁeld. The proﬁle of self-preservation from Hussein et al.2 [40] is also shown in ﬁgure
6.20. At x=15d, the turbulent diﬀusivity was close to the self-preserving case, but not
reached it yet. The normalized turbulent diﬀusivity is quasi-homogeneous (15 % of 0.028
[69]) in the range of 0.1 < r/r 1
2
< 1.5 in self-preserving state, however, as shown in this
study, it is function of the position in the developing region.
Similar to the turbulent viscosity, turbulent diﬀusivity could be extracted after calcu-
lating the radial gradient of the mean scalar. As applied to the gradient of the mean
velocity, the central diﬀerence scheme was applied directly to the measured mean scalar
proﬁle to obtain the gradient except at the x=15d position, where the gradient was calcu-
lated mathematically from the ﬁtting of the self-preserving one. The gradients are shown
in ﬁgure 6.21. Based on the gradient, the normalized turbulent diﬀusivity was calculated
as shown in ﬁgure 6.22. The tendency of turbulent diﬀusivity was very similar with tur-
bulent viscosity. The results from Pietri et al. [67] are shown together and showed general
agreement. From the measurement of this study, the applicability of the models in the
jet ﬂow was conﬁrmed one more time. The turbulent transports of momentum and scalar
were correlated with the gradient of the mean, and the correlation was represented as
turbulent viscosity or diﬀusivity, respectively. If the models were invalid, arbitrary values
would be extracted for the turbulent diﬀusivity and viscosity.
The gradient diﬀusion model, however, can not predict the direction of the scalar ﬂux
vector. Generally, the scalar ﬂux is a vector in two dimensional ﬂows and expressed as
(〈uθ〉, 〈vθ〉) = −αt
(
∂〈U〉
∂x
,
∂〈U〉
∂r
)
(6.9)
2The self-preserving proﬁle of νt was extracted from Pope [69]. He calculated the proﬁle from self-
preserving proﬁle of 〈U〉 and 〈uv〉 in [40].
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Figure 6.21.: Radial gradients of mean scalar.
Figure 6.22.: Normalized turbulent diﬀusivity, αt/〈U〉0r1/2. See ﬁgure 6.13 for the notation.
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by the gradient-diﬀusion model. In equation 6.3, 〈uθ〉 was disappeared by boundary
layer approximation because axial diﬀerence of the term was negligible. Although the
contribution of the axial scalar ﬂux, 〈uθ〉 to the mean scalar is negligible, the magnitude
of 〈uθ〉 is larger than 〈vθ〉 in the jet (see ﬁgure 6.18). The limitation of the gradient-
diﬀusion model in predicting the direction of the scalar ﬂux is expressed in ﬁgure 6.23.
Figure 6.23.:Measured scalar ﬂux vector and the one from the gradient-diﬀusion model. The blue arrows
denote the directly measured scalar ﬂux and the red one denote the one from the gradient-diﬀusion model.
In all positions, the model could not predict the direction correctly. This was also reported
by [84] for homogeneous shear ﬂow as referred in [69]. He found an angle of 65◦ between
the scalar ﬂuxes by the measurement and the model.
The ratio of turbulent viscosity and diﬀusivity, turbulent Prandtl number is deﬁned as
Prt =
νt
αt
. (6.10)
The turbulent Prandtl number at x=15d position in this study is shown in ﬁgure 6.24
with the one from Chevray & Tutu [70] and from Pietri et al. [67]. The turbulent Prandtl
number increased slightly in the outer region of the jet. Again, the result in the present
study showed a general agreement with the previous ones.
6.2.6. Conclusion
Thermographic PIV was applied to the developing region of heated round jet, and the re-
sults were compared with the previous results validating the measurement technique. The
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Figure 6.24.: Turbulent prandtl number. See ﬁgure 6.13 for the notation.
measurements of velocity by PIV, and the information extracted from the results, showed
agreement with the one by the pointwise measurement (e.g., LDV, hot wire anemometry),
which is regarded accurate. The mean and rms of velocity and the spatial correlation and
the Reynolds stress indicated reasonable results. Through those result of velocity, the
general structure of the ﬂow in this study could be assured. The scalar ﬁeld showed a
good agreement with the velocity ﬁeld and the previous results. Moreover, the measure-
ment of scalar ﬂux was successful and an assessment of the gradient-diﬀusion model could
be applied. The extracted turbulent viscosity, diﬀusivity and the Prandtl number showed
the agreement with the previous studies. All of the above demonstrated the feasibility
of the technique in the simultaneous velocity and temperature measurement. The mea-
surement technique is already applicable to similar conﬁgurations, such as the wake after
heated cylinder [2], impinging jet to the wall [43].
The free jet, however, is relatively simple conﬁguration for the measurement; there is
neither conﬁnement, which will cause the particles to be stuck and emit strong background
etc., nor the ﬂame, the strong chemiluminescence. The measurement in jet in crossﬂow
conﬁguration has been attempted in this study. The preliminary result will be present as
an outlook in chapter 7.
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Conclusion and outlook
The present work is summarised as (1) investigating prospective phosphors in oven, (2)
error analysis on gas temperature measurement, (3) and the scalar ﬂux measurement in
the developing region of heated round jet.
Investigating phosphors The way to evaluate a phosphor for gas thermometry appli-
cation has been proposed in terms of the temperature sensitivity and the signal intensity.
This method can produce relatively reliable prediction considering the required eﬀort of
the experiment. On the contrary, the method proposed by [27] can produce a more ac-
curate assessment, but require a relatively consequent experimental eﬀort. In author's
opinion, the method might be quite demanding that the exploration of the vast inven-
tory of prospective phosphors might not be practically possible. Therefore, using the
method proposed in the present study can facilitate to ﬁnd the potential candidates and
detail characterization of selected phosphor could be followed later. Finding new phos-
phor will extend the application to the desired temperature range. Eight phosphors were
evaluated in the oven and using LED phosphors, SRMG, BAM:EuMn can simplify the
measurement setup by using the same excitation source for the Mie-scattering and the
phosphorescence. The phosphors from the various applications, such as the LED phos-
phors, the display phosphors, etc. are required to be assessed further. Furthermore, the
developed ﬁlter optimization scheme could serve to guide the design of other phosphors
in the future.
As the future works regarding the characterization process in the oven, understanding
on the discrepancy between packed powder and individualized particles ought to be deep-
ened. The study will include the multiple scattering eﬀect in packed powder and help
interpretation of the spectra measured in the oven in the context of gas thermometry
application. As another improvement, the automation of the spectra measurement will
facilitate the experiment and accelerate the increase rate of the number of investigated
phosphors. For example, when the oven is either heated or cooled, the phosphor sample
is posed inside the oven. The thermocouple temperature is monitored continuously and
also the spectra at the temperature. To minimize the damage by the excitation, a me-
chanical shutter can be used being controlled by the software. The reﬂected light of Glan
polariser can be continuously monitored to assure the laser energy used. By comparing
the spectra of heating and cooling phase of the oven, it is expected to partly evaluate the
eﬀect of thermal exposure. Nada et al. showed similar approach to characterize lifetime
of phosphor in the oven in [62].
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Systematic analysis on possible sources of errors Two types of error sources were
analysed in the present study: the eﬀect of laser ﬂuence, which could be generally applied,
and the eﬀect of seeding density, which was speciﬁc to the experimental setup in this study.
A shift without signiﬁcant broadening to UV regime has been observed from the spectra
of packed BAM powder according to increasing laser ﬂuence, and increasing intensity ratio
from individualized particles. The inﬂuence was weakened in high temperature in both
cases. The tendency has been conjectured to stem from the inﬂuence of varying crystal
ﬁelds with increasing number of excited activators based on the spectra measurement in
the oven. The crystal ﬁeld might be weakened for increased number of the activators in
interaction. It was suggested to use a homogeneous beam for the thermometry to avoid
an unnecessary systematic error.
As the next investigated error source, the eﬀect of seeding density has been analysed.
The signiﬁcance of multiply scattered light from the co-ﬂow region has been evaluated,
and it was suggested to sort out the images with seeding density ratio smaller than two.
In the present study, a relatively large volume has been seeded than the previous ones,
thus, the eﬀect of seeding density has been accentuated. However, it is worth to mention
that seeding this amount of volume shall be confronted when the technique is applied to
gas turbine combustor or internal combustion engine. This kind of consideration would be
required in the future applications. The preferential absorption has been also suggested,
but conﬁrming its eﬀect was out of the scope of the present study. Using e.g., SLIPI
might prove the presence of the preferential absorption.
At the moment, the measurement technique requires the in-situ calibration measure-
ment. This limitation causes diﬃculties of the measurement technique for some applica-
tions. A profound and systematic understanding of factors aﬀecting the intensity ratio
might free the measurement technique from this limitation. At the moment, the inﬂu-
ence of laser ﬂuence, seeding density have been at least vaguely understood. Further
investigation on the angle of incidence, the eﬀect of background and etc. is on demand.
Scalar ﬂux measurement in axisymmetric jet development By measuring veloc-
ity and temperature simultaneously in the developing region of heated round jet, the mea-
surement technique has been ﬁrmly validated. Comparison of the mean, the ﬂuctuation,
and the correlation of the variables with previous results complemented the feasibility of
the measurement technique, which has been demonstrated for last half decades. Not only
proving the technique, but the results indicated also the characteristic of the canonical
conﬁguration; the evolution of jet to the self-preservation.
Jet in crossﬂow conﬁguration The measurement technique is validated in a jet with
co-ﬂow conﬁguration to produce a reliable measurement of velocity and temperature,
thus the application of the technique to the complex systems should be followed. The jet
in crossﬂow conﬁguration is relevant to various engineering systems such as fuel mixing
or ﬁlm cooling of the gas turbine. Consequently, this conﬁguration has been subjected
plenty of studies. The measurement of scalar ﬂux in the jet in crossﬂow conﬁguration has
been attempted in the study, but could not be completed. Here, the general concept of
the measurement setup, preliminary results and revealed issues in the speciﬁc setup are
introduced brieﬂy.
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The crossﬂow was generated by a square-shaped contraction nozzle (contraction ratio:
9, nozzle length: 150 mm, nozzle outlet area: 40 × 40 mm2) and the ﬂow direction
was upright. A channel, of which three walls include optically accessible quartz window
(for excitation and imaging), was connected to the outlet of the nozzle. One wall was
connected with a narrow pipe for the generation of a jet. Each wall of the channel is
detachable that the complete channel could be removed except the wall with the pipe
for the jet. Closed conﬁguration (with four walls) resembles the real applications e.g.,
gas combustor, but suﬀers from particle sticking, and the stray light. The inﬂuence of
background, such as reﬂection, elastic scattering of excitation, phosphorescence emitting
from the stuck particle, was strongly expected inside the conﬁnement. By contrast, the
open conﬁguration is relatively free from the background, but the ﬂow will be inﬂuenced
by the entrained air from the ambient. In the present study, all the measurement was
performed in the open conﬁguration ﬁrst to facilitate the measurement.
The diameter of the jet is 2 mm and the length of the pipe is around 20 mm. The jet
was heated to 500 K by an electric heater and the Re was around 3000 based on the bulk
velocity. The eﬀective velocity ratio, which considers the eﬀect of the density, was 5.7.
The whole system stand on a translation stage (LINOS, XY 200-50) so that the system
can translate 50 mm with 10 µm precision in the horizontal directions and also 140 mm
in the vertical direction by using additional translation stage.
The optical setup was the same as the one for the jet with co-ﬂow conﬁguration, but
a dichroic beamsplitter was used instead of 50:50 beam splitter to collect more signal. In
the ahead of the beamsplitter, an achromatic lens (φ=50 mm, f=200 mm, 450 - 700 nm
AR coated in the backside) was placed in its focal length from the object plane (laser
sheet) to collect and collimate the emission. 85 mm f# 1.4 lenses, which were stopped
at f#=2, were mounted to the camera securing the full aperture of the achromatic lens.
The magniﬁcation was 0.425.
Exemplary images of a blue and a red channel are shown in ﬁgure 7.1. The origin of the
coordinate placed in the outlet of the jet. The ﬁeld of view starts at 3 mm away from the
jet outlet. In this case, enough particles were seeded into the jet, but very rare particles
were seeded into the crossﬂow. Accordingly, the eﬀect of the multiple scattering from the
cold crossﬂow to the jet was expected to be negligible.
However, when there were densely seeded particles in the crossﬂow, the eﬀect of mul-
tiple scattering was severe. The estimation of the eﬀect of multiple scattering in this
conﬁguration could be indicated by the evolution of intensity ratio at jet outlet according
to the seeding density in crossﬂow. The intensity ratio at the jet outlet was graphed
according to the seeding density ratio of the jet and crossﬂow in ﬁgure 7.2. In the present
analysis, no particle locating algorithm (Section 3.2.3) has been used, but the signal inten-
sity at the region of the jet and the crossﬂow were divided by signal per particle obtained
previously. The intensity ratio drastically decreased with decreasing seeding density ra-
tio, which means more consequent multiple scattering eﬀect than the jet with co-ﬂow
conﬁguration (compare with ﬁgure 5.9). A very quick assumption is that the eﬀect is
related to the volume ratio of the jet and co-ﬂow or crossﬂow. In the jet with co-ﬂow
conﬁguration, the diameter ratio of jet and co-ﬂow is 140/16 = 8.75 and the one for the
jet in crossﬂow is 40/2 = 20. The ratio of cold and hot ﬂuid in length is two times larger
in the jet in crossﬂow case. Therefore, the volume ratio will be 23 larger, and thus, the
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Figure 7.1.: Instant phosphorescence image of blue and red channel demonstrated in false color.
multiple scattering eﬀect of the cold ﬂow is expected to be severer in the jet in crossﬂow
conﬁguration. This was a rough estimation and a detailed analysis should be followed
with particle locating scheme later.
As the case of the jet with co-ﬂow, to overcome the multple scattering without additional
optical change, e.g., SLIPI, changing ﬁlter set, a compromised seeding density in crossﬂow,
which is dense enough to produce a minimum signal, but dilute enough to minimize the
multiple scattering eﬀect, should be found. After that, the calibration curve ought to be
attained by the images satisfying the seeding density conditions. However, for the time
being, the calibration curve was obtained without seeding the crossﬂow. The measured
intensity ratio at the jet outlet was related to the temperature measured by thermocouple
for calibration curve in the steady states. After that, among the acquired images in the
actual measurement, only the images with minimal crossﬂow seeding has been chosen and
Figure 7.2.: The trend of intensity ratio according to seeding ratio of jet and crossﬂow.
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processed further. The instant temperature from the images in ﬁgure 7.1 are shown on
the left of ﬁgure 7.3 and the average temperature from 50 images satisfying the seeding
density conditions are on the right. In the calculation of the temperature, the region with
the signal smaller than 7 (two times of camera readout error) has been masked and no
temperature was calculated.
Figure 7.3.: Instant and mean temperature. The white solid line the right of ﬁgure denotes the least
squre ﬁt of [46]
In the instant temperature image, it could be qualitatively mentioned that the most of
the structures that were seen in the phosphorescence image (ﬁgure 7.1) became unclear.
The weak signal intensity is suspected to have induced a noise and make the structures not
recognizable. As a matter of fact, there were mistake in the synchronizing the optic system
in the measurement. The camera was exposed around 1 µs later than the excitation,
and possibly 40-50 % of signal has been lost. By replicating the experiment with right
synchronization, the signal is expected to be larger and the structure to be discerned
clearly. The mean temperature indicate agreement with previous ﬁndings qualitatively.
The jet impinged further to the crossﬂow some jet diameter downstream and was bended
by the crossﬂow. The scalar centreline from [46], which was deﬁned as maximum mean
scalar concentration, was drawn together in the ﬁgure 7.3 as solid white line, x/reffd =
1.95(y/reffd)
0.302, here reff = 5.7.
The preliminary results have shown promising performance of temperature measure-
ment in the one hand, but also issues to be resolved in the other hand. The multiple
scattering eﬀect coming from large volume of cold crossﬂow need to be solved. The phos-
phorescence from cold ﬂow lowered the intensity ratio of high temperature ﬂow, hence the
sensitivity on the temperature of the intensity ratio. The cause and the eﬀect of multiple
scattering should be scrutinized to obtain reliable results.
The phosphor particles stuck on the surface very quickly and could generate non-
negligible eﬀect on the intensity ratio. The particles on the surface emitted strong phos-
phorescence, especially when they were excited by the beam directly. The eﬀect of this
strong phosphorescence from wall on the intensity ratio of the near ﬂow ought to be in-
vestigated. This inﬂuence can prevent the measurement near the wall, where the lack of
particles already induce low signal to noise ratio. Furthermore, the eﬀect of stuck particle
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is expected to become severer for the measurement in a conﬁnement than an open conﬁg-
uration. The stray excitation light reﬂected inside of the conﬁnement can excite the stuck
particles on the wall and will produce the phosphorescence. The amount of the eﬀect
will vary according to the amount of stuck particles which will vary continuously during
the measurement. These issues, stray light, stuck particles, and multiple scattering, are
highly expected to be confronted in the application to the internal combustion engine or
gas turbine combustor. In the present setup, which is simpler than those applications,
the issues are to be resolved.
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Appendix
A.1. Dynamic response of particle to the gas
An assessment on the traceability of a particle is essential in PIV because it stands on
the fundamental assumption that the particle velocity is the same with the gas.
For this purpose, there have been two approaches: calculating relaxation time[73] and
largest particle size to follow certain turbulent ﬂuctuaion[57]. Here, the ﬁrst approach is
introduced.
For the small particles suspended in the gas phase, if the Re << 1 condition is sat-
isﬁed, one can reasonably assume Stokes' ﬂow. Based on this presumption, the Bas-
setBoussinesqOseen equation describes the unsteady motion of a particle suspended in
the gas. Furthermore, when the density of the particle is much greater than the gas, the
equation is more simpliﬁed[57].
pid3p
6
ρp
dUp
dt
= −3piµdp(Up − Ug)
here, no external force is considered. This equation is more simpliﬁed.
dUp
dt
= − 18µ
ρpd2p
(Up − Ug)
After separating variables and integrating from initial state Up = Up0 with the assump-
tion of constant gas velocity, the particle velocity Up is rewritten.
Up − Ug
Up0 − Ug = exp(−
18µ
ρpd2p
t)
here we deﬁne relaxation time, τD ≡
ρpd
2
p
18µ
.
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